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ABSTRACT
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by Yuwapat Panitchob
Microsphere resonators with sizes in the micrometer range are reported to support very
high Q’s of more than 109 for a fused silica microsphere. This high Q value represents
many promising characteristics such as low cavity loss, long cavity life time, and nar-
row band width. With their remarkable characteristics, microsphere resonators can be
used in various applications such as the narrow band ﬁlter, add-drop multiplexer, mi-
crolasers, and etc. In this work, the integration of microspheres with planar waveguides
is the main focus. High quality neodymium-doped BK7 microspheres are fabricated and
characterised to observe laser oscillation at 1.06 µm from the 4F3/2 - 4I11/2 transition.
Theoretical calculation of the microsphere mode and ﬁeld and the characteristic equation
which describes the relation of the sphere mode numbers l,m,n to the wavelength, are
obtained. The theoretical expressions of the microsphere WGM can be described with
the sphere mode numbers based on spherical Bessel and Hankel functions. Coupling
and quality factors of the waveguide-coupled system are obtained by integrating the
overlapped ﬁelds of the microsphere and waveguide, and the study of Q factors as a
function of sphere/waveguide separation are elaborated. Theoretical models to calculate
the total loss and gain of the microsphere lasers and the Q which is required for lasing
action, are developed. The expressions for power threshold in the microsphere and
in the input waveguide are derived, and the threshold pump power as a function of
sphere/waveguide separation is obtained.
Experimental work to observe the WGM propagation of a passive microsphere has been
carried out, and results obtained at wavelengths in the 800 nm and 1550 nm regions, and
modal assignment including the evaluation of Q for each system are carried out. The ex-
periments to observe the ﬂuorescence and the lasing oscillation of the neodymium-doped
BK7 microspheres are demonstrated. The measurement of the ﬂuorescence lifetime of
a neodymium-doped BK7 microsphere, is obtained. A laser oscillation is demonstrated
with the free-space pump excitation, with the threshold pump power of 8 mW at λ = 808
nm.Contents
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Introduction
1.1 Introduction
Microspheres can support a very high Quality factor, Q, of more than 109 and they have
very compact sizes. These characteristics are very useful in many diverse high Q device
applications [1, 2]. With the extremely low whispering-gallery mode (WGM) loss of the
microspheres, a high Q resonator device is obtained. Besides the obvious application,
which is for narrow band optical ﬁlters [3], with the high-Q WGM characteristics, there
are many other applications, including microsphere lasers [4, 5], optical waveguides
[6], and ultralow-threshold Raman lasers [7]. The application in this thesis is mainly
focused on microsphere lasers using neodymium-doped glass microspheres. The optical
transition from 4F3/2 - 4I11/2 around 1060 nm can be easily obtained by pumping at 808
nm (4I9/2 - 4F5/2).
Figure 1.1: Optical channel waveguide coupling method
The method used to evanescently couple light into the microsphere is by exciting the
evanescent ﬁeld from the light propagating in a optical channel waveguide. The waveg-
uide coupling method is considered particularly promising as it has the advantage of
providing the possibility of more complex waveguide circuits, and has a low cost of fab-
rication with the potential for mass-production through photolithography. The evanes-
cent ﬁeld from the channel waveguide can be a useful source for exciting the WGM in
microspheres, and light may be launched into the waveguide facet and coupled into the
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microsphere without involving fragile devices such as a ﬁbre optics, or bulky devices
such as prisms (see Figure 1.3).
In this thesis, fabrication methods and techniques to obtain microspheres and waveguides
will be described. The experimental work to observe the WGM characteristics from
passive microspheres coupled to optical waveguides, and to demonstrate lasing oscillation
from neodymium-doped BK7 microspheres by free-space and waveguide excitation, will
be carried out. The sphere modal assignment to each resonance peak and the theoretical
model that is used to identify microsphere diameter from the results obtained from
experiments, will be elaborated. Theoretical work on the laser characteristics including
threshold pump power and related emission power will be addressed.
1.2 Whispering-gallery modes
Whispering-gallery modes, WGM, are found in circular path resonant cavities. The
whispering-gallery mode was discovered in 1910 when Lord Rayleigh was conducting
experiments on acoustic waves in the dome of St. Paul’s Cathedral [8]. The experi-
ment was done by observing the propagation of the sound of the speaker in the oval
shaped dome in the cathedral. The distant listeners at speciﬁc locations were able
to hear the whispering voice from the speaker from the dome in the cathedral. This
whispering sound was described as an acoustic wave travelling along the wall path. Re-
cently whispering-gallery mode phenomena have been exploited in many research areas
[1, 4, 7, 9–14].
When the incident ray travelling from the higher index medium to the lower one at
an angle greater than the critical angle, there is an extended ﬁeld decaying along the
surface of the two media. The extended tail of the ﬁeld at the resonator boundary decays
exponentially away from the interface. This extended ﬁeld is known as the evanescent
ﬁeld. Light travels inside the bounded cavity by repeated quasi-total internal reﬂection
at the cavity boundaries, a concentric ring of the electromagnetic ﬁeld occurs close to
the cavity surface. This evanescent excitation is insuﬃcient to obtain with the free-
space excitation. Dielectric waveguides may be used to excite WGMs eﬃciently through
evanescent coupling [13, 15]. The light that travels through the waveguide creates an
evanescent ﬁeld at its surface. This evanescent ﬁeld can be coupled into the resonator
cavities by whispering-gallery mode coupling, when the velocity of the ﬁeld from the
waveguide and the resonator cavity are under phase matching condition. The resonant
condition will take place when the WGM propagations are supported by the resonator
cavity at speciﬁc wavelengths. Depending on the resonant condition, the resonator
cavity will selectively allow certain wavelengths of light to travel inside the cavity, these
wavelengths are deﬁned as resonant wavelengths.Chapter 1 Introduction 3
1.3 Microsphere lasers
The essential elements of the laser system consist of the laser medium, pumping process,
and feedback element. The population inversion occurs when the atoms are pumped from
the ground level of the system to the upper level. The laser action is obtained when
the atoms are decayed from the metastable level to the lower level by the stimulated
emission, see Figure 1.2. The existence of forbidden transitions of the laser transitions
in rare-earth doped media make upper-state lifetimes become relatively longer than
those which decay via electric dipole transitions. These forbidden transitions have small
oscillator strengths, thus a substantial amount of the energy can be stored in the media.
The demonstration of laser oscillation has been widely shown in microdroplets [16],
polymer microspheres [17], glass microspheres [4, 9–12, 18–21] and crystal microspheres
[22]. Micro-resonators, microsphere particles and microdroplets, doped with rare-earth
(or lanthanide) ions or dyes, exhibit laser action when these active impurities in the host
material are excited. Rare-earth ions in the form of trivalent ions such as neodymium
(Nd3+), thulium (Tm3+), praesodymium (Pr3+), erbium (Er3+) and ytterbium (Yb3+)
are widely used as dopants, while the well known host materials are glasses and crystals.
In this work, BK7 microspheres in the range of 30 µm to 200 µm in diameter, doped
with neodymium, will be used to demonstrate laser oscillation for the free-space and
ion-exchanged waveguide light coupling conﬁgurations. The experiments to observe
laser oscillation at 1.06 µm from the 4F3/2 - 4I11/2 transition will be carried out.
Figure 1.2: Schematic diagram of neodymium energy level [23]Chapter 1 Introduction 4
1.4 Review of microsphere coupling techniques and pump-
ing methods for microsphere lasers
This section contains a review of methods used for microsphere coupling, evanescent wave
excitations of undoped-microspheres and microsphere lasers. The techniques require
an inexpensive device, such as a prism or an optical ﬁbre; however, diﬃculties and
drawbacks for each method are covered in this section. At the end of this section, a
review of the pumping method for microsphere lasers is given.
1.4.1 Microsphere coupling methods
Light can be coupled into a microsphere cavity eﬃciently by various evanescent tech-
niques, such as the waveguide coupling [13, 15, 24], prism-to-sphere coupling [25–27],
tapered ﬁbre coupling [28], etch-eroded ﬁbre coupling [29], ﬁbre half-blocked coupling
[14, 30–32] or angle-polished ﬁbre coupling [33]. Each of the methods requires careful
alignment, because the gap between the microsphere and the prism has to be at an opti-
mum to achieve high coupling eﬃciency. In this section, various methods for evanescent
coupling of light into microspheres are reviewed and discussed.
The prism light coupling method is among the earliest techniques used to couple the
light into the spherical resonator. This method involves the use of the prism to allow
the WGM propagation in the microsphere, see Figure 1.3. The light was directed to the
surface of the prism to achieve the total internal reﬂection. The evanescent ﬁeld was
presented at the surface and was coupled into the spherical resonator.
Figure 1.3: Prism coupling method [25, 27]
In 1989, Brakinsky et al. developed the prism coupling method by using a fused quartz
microsphere of about 150 µm in diameter as a resonator that was placed in close prox-
imity to the high refractive index prism. The gap between the prism and the resonator
made a separation of about (0.1−1.0)λ. The quality factor was reported to have a value
of up to 108 at the operating wavelength of 780 nm [25]. In 1993, Collot et al. reported
a higher value of quality factor in a fused silica microsphere. The microsphere diameter
in the range of 60 µm to 200 µm was formed by fusing the end of a short silica wire.
The quality factor achieved for a 120 µm diameter microsphere was 2 × 109 at 632.8
nm [27]. The evidence showed that the surface scattering loss was reduced compared to
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coupling conﬁguration is found to be critical as the location of the microsphere and the
prism need to be controlled to less than a 0.1λ, where the prism is a bulky device, and
the control is diﬃcult to achieve. A thin layer of low-index ﬁlm may be coated on the
prism face to allow the sphere to be placed in contact for ease of the alignment.
Tapered ﬁbre coupling is a powerful method to achieve a high coupling eﬃciency, because
the evanescent light, extending to the outer region of the tapered area, provides strong
coupling to the micro-resonator devices. This method can be useful in optical ﬁbre
applications, because the ﬁbre can be directly spliced to the readout devices easily. In
1997, Knight et al. [28] developed a tapered ﬁbre in which the ﬁbre was heated and
stretched to achieve a very thin coupling region. Light travelled along the silica waist
and coupled the evanescent ﬁeld to the resonator that was in close proximity. In order
to couple light into the silica microsphere of 170 µm in diameter, the waist radius of 1.7
µm was developed; and a quality factor of 2 × 106 was obtained at 1550 nm [28].
Figure 1.4: Tapered ﬁbre coupling method [28]
Even though ﬁbre tapered coupling is a promising method to couple light into the
microsphere, there is a frustrating drawback for this method, the tapered area is very
fragile and hard to handle. The high coupling eﬃciency of the resonator can only be
achieved with the small diameter of the tapered ﬁbre at the coupling region.
The angle-polished ﬁbre coupler method [33] combines the use of an optical ﬁbre and
the advantage of the prism coupling method. This method is based on the idea of the
previous prism coupling method, however, it is more convenient since the evanescent
ﬁeld at the angle-polished tip of the ﬁbre is generated from the light that propagates
through the ﬁbre. This ﬁeld can be used as an excitation source to the microsphere
cavity as shown in Figure 1.5.
Figure 1.5: Angle-polished ﬁbre coupling method [33]
In 1999, Ilchenko et al. developed the angle-polished ﬁbre that had a core diameter
of 8.3 µm and the polished angle of 77◦. The silica microsphere had a lower index
than the ﬁbre core (which had a refractive index of 1.4505 at λ = 1550 nm and 1.4535
at λ = 1310 nm). Q-factors of 3 × 107 at 1550 nm, and 3.2 × 106 at 1310 nm, forChapter 1 Introduction 6
a microsphere of diameter of 470 µm, were reported [33]. The Q-factors obtained are
relatively low compared with Q obtained from a prism coupler; this may be due to the
strong coupling of the evanescent light at the surface, or the used of diﬀerent sphere.
Another method for coupling light into a microsphere is by using the ﬁbre half-block
coupling method, where a ﬁbre half-block coupler, which consists of a polished-to-core
optical ﬁbre that is buried in a metal block [30–32], is used for light WGM excitation
in the microspheres. This method allows the microsphere to interact directly with the
evanescent ﬁeld from the ﬁbre core, see Figure 1.6.
Figure 1.6: Fibre half-block coupling method [30–32]
In the ﬁbre half-block coupling method, a microsphere as small as 30 µm in diameter
was reported in 1995 by Serpeng¨ uzel et al. [30], to have a quality factor of 106. The
microsphere was placed on the ﬁbre that had a cladding layer polished down to about 0.7
µm. The ﬁbre had a refractive index of 1.462 in the core and 1.457 in the cladding region
at 632.8 nm. The microsphere was a polystyrene microsphere that had a refractive index
of 1.59 at an operating wavelength in the 600 nm region. A higher Q factor was achieved
later by Dubreuil et al. with a larger resonator size, that is 215 µm in diameter. The
quality factor was reported to have a value up to 108 [32].
The downside of this method relates to the labour intensive cladding polishing process,
because the cladding of the ﬁbre must be polished to a certain thickness to achieve a
proper coupling; thus this method is not suitable for complex circuits. Another downside
of this method is the tunnelling loss to the cladding area and the surrounded block, hence
a lower Q value is achieved.
The etch-eroded ﬁbre coupling method eliminates the problem of the light leakage which
may occur in the ﬁbre half-block method. The interaction of the evanescent ﬁelds will
take place only at the core of the coupling region, unlike the ﬁbre half-block coupling
method. As a result, the etch-eroded ﬁbre coupling method yields a higher coupling
eﬃciency than the ﬁbre half-block coupling method.
Figure 1.7: Etch-eroded ﬁbre coupling method [29]
In 1999, Laine et al. completed an experiment on etch-eroded ﬁbre coupling on silicaChapter 1 Introduction 7
microspheres of diameter 280 µm. A Q factor of up to 8 × 108 was obtained at 1550
nm. The ﬁbre cladding was chemically eroded, by using hydroﬂuoric acid as an etching
solution, so that the core of the ﬁbre could be exposed fully. The eroded ﬁbre had a
diameter of approximately 6 µm [29]. Q obtained from the etch-eroded ﬁbre coupling
method is larger compared to a tapered ﬁbre coupling method, thus light interaction
can be obtained without light coupling back to the cladding surface. This method has
its main drawback in common with the tapered ﬁbre method since the coupling area is
small and fragile.
The waveguide coupling microsphere method provides a better coupling structure for
complex circuit integration, compared to other methods. The theoretical model for this
coupling technique is of interest in many research groups [24, 34–36], conﬁrming that
the coupling in this technique is versatile.
In 2000, Laine et al. introduced a stripline pedestal anti-resonant reﬂecting optical
waveguide coupler to couple light into a microsphere [13, 15]. An alternate layer of Si
and SiO2 was used to isolate the sphere and substrate, this highly-reﬂective structure
can minimise the leakage into the substrate. The microsphere was attached to a ﬁbre
tip to allow movement in vertical and lateral translation. Microspheres of 100 µm to
400 µm in diameter were fabricated by melting ﬁbre tips. Q of 5 × 107 was obtained
from the 220 µm diameter microsphere.
Figure 1.8: Stripline pedestal anti-resonant reﬂecting optical waveguide coupling
method [13, 15]
In conclusion, microsphere coupling with half-block couplers suﬀered from light leakage
into the substrate. Although the tapered ﬁbre and etch-eroded ﬁbre couplers provide
promising coupling to achieve high Q characteristics, this is not practical for handling
since the structure is very fragile and delicate. The prism coupling method is one of
the promising techniques to couple the light into a microsphere, but the alignment is
diﬃcult to obtain and the prism is rather bulky. Waveguide coupling techniques are
very robust and the optimisation to achieve a desired Q can be done with a properly
designed structure and material. An ion-exchanged waveguide can be a good candidate
for the microsphere coupling, because it can be simple to fabricate and it has low cost of
fabrication. Thus, in this project, microsphere coupling to an ion-exchanged waveguide
is explored.Chapter 1 Introduction 8
1.4.2 Pumping methods for microsphere lasers
In this section, prior work on the technique for pumping microsphere lasers is reviewed.
The early attempts at making microsphere lasers were accomplished with free-space
excitation [9, 12, 16, 17, 22]. Evanescent wave excitation microsphere lasers were then
developed in order to achieve a low laser threshold pump power. Light becomes eﬃciently
trapped inside the microsphere cavity under the evanescent wave excitation, so that the
pump light may be eﬃciently absorbed by the cavity. Consequently, the gain of the laser
is easier to attain at the lower pump power. Thus, the laser can operate at a lower pump
power compared to the free-space excitation case. Until now the evanescent ﬁelds were
obtained from wave propagation in prisms [4, 10, 18, 22] or tapered ﬁbres [11, 19–21].
In 1984, the experimental observation of laser oscillation on a single liquid droplet, by
free-space pumping, was made by Tzeng et al. [16]. A Rhodamine 6G-ethanol droplet
of 60 µm in diameter was pumped by an argon-ion laser at the wavelength of 514.5 nm,
at room temperature. The droplets were formed by an aerosol generator, driven at a
frequency of 62 kHz, that generated a droplet of 60 µm in diameter every 16 µsec. The
pumped light was focused to a 200 µm diameter spot on the rim of the microdroplet.
The emitted radiation from a single droplet was collected at 90◦ and 0◦ relative to the
pump beam. The experiments to observe emission spectra, as well as the temporal
behavior from a single Rhodamine 6G-ethanol droplet, were carried out. The emission
spectra were observed by detecting the beam of radiation emitted at 90◦ using an optical
multichannel analyzer (OMA), while the radiation at 0◦ was ﬁltered out from the original
beam and detected by a photomultiplier such that the measurements on the temporal
behaviour of the droplet were obtained. It was reported that the emitted laser radiation
emerged in all directions from a droplet, and that the pumping threshold power was
about 10 mW.
The experimental observation of laser action on the crystal microsphere, by free-space
excitation, was demonstrated by Baer et al. in 1987 [22]. The oscillation was achieved
with a 5 mm Nd:YAG microsphere. A 810-nm-pump light was incident onto the micro-
sphere and propagated along the rim by total internal reﬂection. Lasing oscillation at
1064 nm and pump power threshold of 100 mW were obtained. In 1991, laser emission
from dye-doped polymer microspheres was demonstrated by Kuwata et al. [17]. The
polymer microspheres, in the range of 10 µm to 92 µm in diameter, were doped with
Nile Red dye with a concentration of 10−6 mol/g, the microspheres were individually
pumped by a nanosecond pulsed dye laser at the wavelength of 520 nm. The temporal
responses were observed and collected using a fast response microchannel plate photo-
multiplier. The lasing oscillation was obtained from a 41 µm diameter microsphere. A
threshold pumping power of 20 W was obtained.
The laser action of a Nd3+-doped ﬂuoride microsphere was demonstrated by Miura et al.
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laser at the wavelength of 800 nm. The emitted light was captured by the objective
lens, and the emission spectra were obtained via a monochromator equipped with a
photodiode. The simultaneous laser oscillations on 4F3/2 - 4I11/2 and 4F3/2 - 4I13/2 were
obtained, with the corresponding emission wavelength of 1051 and 1334 nm, respectively.
The emission at 1051 nm has a higher intensity than the emission in the 1334 nm region.
The threshold pump power obtained for the emission in the 1051 nm region was 5 mW,
while in the 1334 nm region the threshold pump power was 60 mW.
In 2002, the laser oscillations on Nd3+-doped tellurite microspheres were demonstrated
by Sasagawa et al. [9]. The incident beam was focused onto the Nd3+-doped tellurite
microsphere, of 140 µm in diameter, by a 20× microscope objective lens such that the
focal point was located on the rim of the microsphere. The emitted light from the
microsphere was coupled into an optical ﬁbre. The emission at 1.06 µm was obtained
with the pumping wavelength of 800 nm. A threshold pump power of about 81 mW was
obtained.
The laser oscillations observed by free-space excitation suﬀer from high threshold pump
power, and the modes are not selectable. Light coupling by the evanescent light coupling
method is considered to be a good candidate to reduce the threshold and select the lasing
mode.
The laser oscillations of Nd3+-doped silica microspheres were observed by Sandoghdar
et al. in 1996 [4]. Microspheres of 40 µm to 200 µm in diameter were formed by fusing a
core of 0.2-wt% Nd3+-doped silica ﬁbre with a CO2 laser. The WGM of the microsphere
was excited by the evanescent ﬁeld from a high index glass prism at a wavelength of 807
nm. The ﬂuorescence spectrum and the laser spectrum from a 4F3/2 - 4I11/2 transition of
the Nd3+-doped silica microsphere, of 56 µm in diameter, were obtained. The threshold
absorbed pump power of 200 nW was obtained for the incident pump power onto the
prism face of 1 mW.
In 2000, whispering-gallery mode lasers were demonstrated using Er3+-doped ﬂuoride
glass microspheres by Lissillour et al. [10, 18]. A 56 µm diameter ﬂuoride glass micro-
sphere was doped with 0.2% by weight of Er3+, it was excited by the evanescent ﬁeld
from a prism so that the laser transition around 1.56 µm was obtained from a 4I13/2 -
4I15/2 transition of the Er3+. The pump wavelength was chosen to be 1.48 µm, where
a good overlap between the pump and the laser mode volume could be obtained. The
separation between the prism and the Er3+-doped ﬂuoride glass microsphere was con-
trolled by a piezo-actuator. A pump threshold power of 0.6 mW and a laser linewidth of
270 kHz were obtained. The prism coupling method provides a relatively low threshold
pump power compared to the free-space excitation described previously. The drawback
from this method is that it needed a complicated alignment tool in order to achieve
the total internal reﬂection and also a complex method was required to readout the
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Laser oscillations of rare-earth-doped phosphate microspheres, with an evanescent ﬁeld
coupling from a tapered ﬁbre, were observed by Cai et al. in 2000 [19]. Phosphate glass
microspheres were doped with Yb3+ and Er3+, with concentrations of 20% and 5% by
weight respectively. The microspheres were excited with the evanescent ﬁeld from the
tapered ﬁbre at a pump wavelength of 976 nm, and emissions in the 1500-nm band were
obtained. Phase matching conditions between the mode of the tapered ﬁbre and the
whispering-gallery modes in the microsphere were obtained by adjusting the diameter of
the tapered ﬁbre. The microsphere of 57 µm in diameter was placed on the tapered ﬁbre,
and the lasing spectrum was collected with the tapered ﬁbre. The results showed that a
side-mode suppression of the system of about 26 dB was obtained, and the microsphere
was lasing at 1535 nm. The threshold pump power of about 60 µW was obtained.
In 2003, laser oscillation on an Er3+-doped tellurite microsphere was demonstrated by
Peng et al. [20]. The glass microsphere was doped with erbium and the excitation of the
whispering-gallery mode was attained via a tapered ﬁbre. Pump light, at a wavelength
of 975 nm, was coupled to a 33 µm-diameter microsphere by the tapered ﬁbre with a
diameter of 1.3 µm. A power threshold of less than 2 mW was obtained.
In 2005, laser action on an Er3+-doped microsphere was demonstrated by Kalkman et
al. [21]. The tips of Er3+-doped silica ﬁbres were melted and formed microspheres of
about 22 µm in radius. The evanescent ﬁelds of the tapered ﬁbre were used to excite
the whispering-gallery modes. The lasing spectrum of the fundamental mode (l = m)
was obtained. The pump threshold power was reported to have a value of about 150
µW at the pump wavelength of 1450 nm.
In 2006, Conti et al. demonstrated laser action from Er3+-doped, modiﬁed-silica and
phosphate glass microspheres [11]. A 980 nm pump laser was coupled through a tapered
ﬁbre, laser action of 1550 nm was obtained from the 4I13/2-4I15/2 transition of a 0.5%-
wt Er3+-doped modiﬁed-silica glass (Baccarat glass) microsphere of 85 µm in diameter.
The ﬂuorescence and lasing spectra were also experimentally observed in an Er3+/Yb3+
co-doped, phosphate glass, microsphere of 70 µm in diameter. Power thresholds of 2.5
mW were observed.
The microsphere lasers excited by a tapered ﬁbre have a relatively low threshold level
compared to the free-space excitation. The tapered ﬁbre is an excellent method for
coupling pump power in microsphere lasers except that the tapered area is very delicate
and fragile, and these ﬁbres become very delicate for handling and fabrication.Chapter 1 Introduction 11
1.5 The approach adopted in this thesis
This work is focused on the planar waveguide coupling method [13, 24] for microsphere
lasers. The evanescent ﬁeld from a waveguide may then be coupled to the ﬁeld at
the surface of the resonator. The microsphere will be placed on top of the waveguide
to allow the coupling interaction to take place, so that the observation of the power
circulating in the microsphere will be exploited. The evanescent ﬁeld that occurs at the
spherical surface interacts with the evanescent ﬁeld from the waveguide; and if a phase
matching condition is met, coupling occurs. Thus, depending on the resonant condition,
the resonator cavity will selectively let the light at certain wavelengths travel inside the
cavity, while the rest of the non-selected wavelength will not excite a resonance inside
the cavity.
There are no obvious prior attempts to achieve lasing oscillations of the rare-earth-doped
microspheres in the waveguide conﬁguration, while many research groups have demon-
strated laser oscillation in microspheres by tapered ﬁbre coupling and prism coupling
techniques. The planar waveguide and microsphere laser can be a promising method
to solve all the problems that may be found in microsphere laser and prism or tapered
ﬁbre conﬁgurations. Thus, waveguide coupling microsphere lasers is considered to be a
promising method to pursue in this project.
1.6 Thesis structure
This thesis is divided into 7 chapters. The ﬁrst chapter is the introduction of the topic.
The remaining chapters of the thesis are organised as following, Chapter 2 includes the
theoretical work on microsphere mode and ﬁelds and the waveguide. The method of ob-
taining the coupling eﬃciency of the microsphere and waveguide are discussed. The basic
theoretical modelling on the power transfer functions of the microsphere resonators, and
the waveguide are also included. Chapter 3 describes the method used for waveguide
and microsphere fabrication, and the characterisation of the waveguide and the micro-
spheres obtained based on the fabricated methods described. The experimental results
on the passive microspheres will be discussed in detail in Chapter 4, and the theoretical
work for the mode assignment will be carried out. Chapter 5 includes theoretical work
on microsphere lasers, where loss and gain of the cavity are calculated. The calculated
threshold pump power for lasing action of the microsphere coupled waveguide will also
be discussed at the end of the chapter. Chapter 6 describes the experimental work
on microsphere lasers. The discussion of the experimental results will be made in the
chapter. Chapter 7 contains the conclusions, discussion, and reviews the work of the
research, and suggestions for further work plans are also provided.Chapter 1 Introduction 12
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Theoretical modelling of
microspheres and
waveguide-coupled
microspheres
2.1 Introduction
The coupling factor and the quality factor of the system waveguide-coupled microsphere
are key parameters that determine the parameters of the designed devices, as they dictate
the circulating power and wavelength characteristics of the system. The determination
of the coupling strength and the corresponding quality factor of the system of a sphere
coupled to a waveguide will be explained in this chapter. The sphere resonator and
waveguide modal calculations will be explored in detail in Section 2.2 and Section 2.3,
respectively, to allow the description of the modal ﬁeld distribution. In Section 2.4, the
contributions of Q factor according to the various losses in the system will be explored.
In Section 2.6, the transmittance and circulating power of the system will be determined
by using the value of the coupling factor found in the former section, the results and
discussion are also shown. The method of calculating the coupling factor, κ, and the Q
factor of the system due to the coupling will be obtained in Section 2.5, as well as the
Q as a function of useful parameters such as the sphere index and the waveguide width
and depth and the sphere mode numbers, these will be explored.
15Chapter 2 Theoretical modelling of microspheres and waveguide-coupled
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2.2 Spherical modes and ﬁelds
The sphere whispering-gallery modes (WGM) derivations are determined in this section.
The whispering-gallery modes are electromagnetic resonances that occur in a circular
cavity. The modes propagate around the sphere resonator along the sphere equator. By
convention, the modes of the spherical resonator can be identiﬁed from the three diﬀerent
integer mode numbers, namely, n,m, and l [1, 2]. The mode number n represents
the electromagnetic ﬁeld component in the radial direction, and the mode numbers m
and l represent the electromagnetic ﬁeld in azimuthal (equatorial) and polar (angular)
directions. 2m, l − |m| + 1, and n represent the number of the ﬁeld extrema in the
azimuthal, angular, and radial directions, respectively. These mode numbers are very
important for the visualisation of many characteristics of the sphere resonator and also
for understanding three-dimensional modes in the spheres. Figure 2.1 shows the spherical
coordinates with distance of radius r from the origin, azimuthal angle, φ, that has the
variation in the yz plane, and the angular angle, θ, that has the variation in the plane
which is perpendicular to the yz plane.
Figure 2.1: Spherical coordinates: radial, angular, azimuthal (r,θ,φ)
The ﬁeld which represents either Eθ or Hθ components of the electromagnetic ﬁeld of
the WGM’s can be described by the following equation.
Ψl,m,n(r,θ,φ) = Nsψr(r)ψθ(θ)ψφ(φ), (2.1)
where the ﬁelds in each dependency are,
ψφ(φ) = exp[±jmφ], (2.2a)
ψθ(θ) = exp
h
−
m
2
θ2
i
HN(
√
mθ), (2.2b)
ψr(r) =
(
jl(knsr) if r ≤ Ro
jl(knsRo)exp[−αs(r − Ro)] if r > Ro
, (2.2c)Chapter 2 Theoretical modelling of microspheres and waveguide-coupled
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and the normalisation constant is,
Ns =
r
π
m
2N−1N!R2
o

1 +
1
αsRo

j2
l (knsRo) − jl−1(knsRo)jl+1(knsRo)
1/2
, (2.3)
where N = l − m, and k = 2π
λ .
The normalisation constant, Ns, is chosen so that the volume integral of the square of
magnitude of the ﬁelds over the entire space in the sphere, divided by the sphere cir-
cumference is unity [2]. The normalised ﬁeld obtained from this normalisation constant,
Ns, is necessary for the calculation of the coupling factor (κ) to the waveguide, that is
used in Section 2.5.
Figure 2.2 shows the angular distribution and the radial distribution of the fundamental
mode in a three-dimensional view. The equatorial plane is perpendicular to the angular
modal plane (or transverse plane).
Figure 2.2: Spherical mode ﬁelds
ψφ(φ) represents either Eθ or Hθ components of the electromagnetic ﬁeld in the azimuthal
direction; while ψθ(θ) and ψr(r) represent the ﬁelds in angular and radial directions,
respectively.
The characteristic equation describes the relationship between the wave number, k, and
the sphere mode numbers l and n. The characteristic equation can be determined by
matching tangential electric and magnetic ﬁelds across the spherical surface [2]. By
matching the tangential components of electric and magnetic ﬁelds, the characteristic
equation can be obtained to be as follows.

ηsαs +
l
Ro

jl(knsRo) = knsjl+1(knsRo), (2.4)Chapter 2 Theoretical modelling of microspheres and waveguide-coupled
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where
ηs =
(
1 TE mode
n2
s
n2
o TM mode
, (2.5a)
αs =
q
β2
l − k2n2
o, (2.5b)
βl =
p
l(l + 1)
Ro
, (2.5c)
k =
2π
λ
, (2.5d)
αs is the decay constant away from the sphere in the radial direction. βl is the prop-
agation constant parallel to the surface of the sphere. k is the wavenumber. Ro is the
sphere radius, ns is the refractive index of the sphere, and no is the refractive index of
outside medium.
The characteristic equation (Equation 2.4) can be used to ﬁnd the ﬁelds of the WGM’s
of the spheres. Modal solutions exist where
f(λ) =

ηsαs +
l
Ro

jl(knsRo) − knsjl+1(knsRo) = 0, (2.6)
and f(λ) is plotted as a function of wavelength in Figure 2.3 using the values given in
Table 2.1.
The zero crossing at the longest wavelength corresponds to the modal solution where
n is equal to 1, and the second zero crossing represents n = 2, respectively. This n
value is the mode number that indicates number of maxima and minima in the ﬁeld
in the radial direction, representing the fundamental mode when n = 1. The sphere of
radius 15 µm with a refractive index of 1.51 is surrounded by air (no = 1). The sphere
mode number l is an integer number that indicates the numbers of modes of the ﬁelds
that propagate along the sphere in an azimuthal direction. The value of the resonant
wavelength is obtained according to the sphere mode number l, which is supported by
the sphere cavity of radius, Ro. l is inversely proportional to the wavelength, λ. For ease
of presentation, the sphere mode number l is chosen to have a small value, however, the
sphere mode number l must be large enough such that the high order mode in radial
direction can be supported by the spherical cavity. Thus, the sphere mode number l
is chosen to be 25 and the corresponding value of the resonant wavelengths become
4.77 µm, 4.13 µm and 3.71 µm for n = 1, n = 2 and n = 3, respectively for the TE
polarisation.
Resonance occurs when the optical path length of the WGM around the equator is
equal to an integer multiple of wavelengths, so that for a large sphere (compared with
the wavelength λ), l can be obtained from the relation shown in Equation 2.7.Chapter 2 Theoretical modelling of microspheres and waveguide-coupled
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Parameters Value
Sphere index, ns 1.51
Medium index, no 1.00
Sphere radius, Ro (µm) 15
Sphere mode number, l 25
Table 2.1: Parameters and their values for the sphere mode and ﬁeld calculations
l = 2πRo
neﬀ
λ
, (2.7)
where l is the sphere mode number, λ is the operating wavelength, neﬀ is the eﬀective
refractive index which corresponds to the cavity path length for each sphere mode. The
value of the eﬀective refractive index of the sphere must lie below the value of the
refractive index of the sphere, however, the ﬁeld that is extended to the outer region of
the sphere for each mode is signiﬁcantly small.
The exact resonant wavelengths may then be found by ﬁnding zeros of Equation 2.6;
the plot for l = 25 is shown in Figure 2.3.
Figure 2.3: Plot of characteristic equation as a function of wavelength, for a sphere
of 15 µm in radius, ns = 1.51, l = 25
The radial dependence of the modal ﬁeld distribution, ψr(r), is described by the Spherical
Bessel function, jl(x), which is deﬁned by [3, 4],
jl(x) = (−1)lxl

d
xdx
l sin(x)
x
, (2.8)Chapter 2 Theoretical modelling of microspheres and waveguide-coupled
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The Spherical Bessel function can be related to a well known Bessel function as shown
in Equation 2.9.
jl(x) =
r
π
2x
Jl+0.5(x), (2.9)
where Jl(x) is a Bessel Function of the ﬁrst kind of order l.
The ﬁrst few terms of the Spherical Bessel function can be described as shown in Equa-
tion 2.10 [3, 4];
j0(x) =
sin(x)
x
, (2.10a)
j1(x) =
sin(x)
x2 −
cos(x)
x
, (2.10b)
j2(x) =

3
x3 −
1
x

sin(x) −
3
x2 cos(x). (2.10c)
In the radial dependence, the wavelengths that correspond to the fundamental and the
2nd modes are 4.77 µm and 4.13 µm, respectively. Plots of the electric ﬁelds in the radial
direction of the fundamental and the 2nd order modes are shown in Figure 2.4. The ﬁelds
inside and outside the sphere are plotted. Figure 2.4 shows that the ﬁeld maximum of
the fundamental mode in the radial direction is located close to the sphere interface,
and the highest peak is moved toward the center of the sphere as mode number, n, is
increased. It can also be seen from the ﬁgure that the ﬁeld outside the sphere decays in
a near-exponential way in order of wavelengths from the sphere interface.Chapter 2 Theoretical modelling of microspheres and waveguide-coupled
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a)
b)
Figure 2.4: Electric ﬁeld in radial direction, l = 25, a) n = 1 (λ = 4.77 µm) and b)
n = 2 (λ = 4.13 µm), sphere radius 15 µmChapter 2 Theoretical modelling of microspheres and waveguide-coupled
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The ﬁeld in the angular direction, ψθ(θ), is described by the Hermite-Gaussian function
exp[−m
2 θ2]HN(
√
mθ), where HN(
√
mθ) are the Hermite polynomials. If x =
√
mθ, the
Hermite polynomials are deﬁned by equation 2.11.
HN(x) = (−1)N exp(x2)
dN
dxN exp(x2). (2.11)
The ﬁrst four terms of the Hermite polynomials can be described as shown in Equa-
tion 2.12 [4, 5];
H0(x) = 1, (2.12a)
H1(x) = 2x, (2.12b)
H2(x) = 4x2 − 2, (2.12c)
H3(x) = 8x3 − 12x, (2.12d)
The electric ﬁeld in the angular direction depends on the sphere mode numbers l and
m. The integer m can range from -l to l, and when m equals l, the fundamental mode is
obtained. All of these modes, however, are degenerate under the same wavelength. The
plots of the ﬁrst four modes that are degenerate under the same wavelength (λ = 4.77µm)
are shown in Figure 2.5. The ﬁgure shows that when the value of m is decreasing the
number of lobes is increasing. For example, when m = l, the wave function has 1 peak;
while when m = l−1, m = l−2, and m = l−3 there are 2, 3 and 4 extrema, respectively.
The ﬁeld in the azimuthal direction, ψφ(φ), is described by a simple sine function.
Figure 2.6 shows the ﬁeld of the wave along the equatorial direction. The number of
ﬁeld maxima, which depends on the value of m (or l for the fundamental case), is 2m.Chapter 2 Theoretical modelling of microspheres and waveguide-coupled
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Figure 2.5: Electric ﬁeld in angular direction, l = 25, m = 22,...,25, n = 1
Figure 2.6: Electric ﬁeld in azimuthal direction, l = 25, m = 25, n = 1Chapter 2 Theoretical modelling of microspheres and waveguide-coupled
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A contour plot of the ﬁeld distribution inside and outside the sphere resonator in the
radial and azimuthal directions, ψ(r,φ), in an equatorial plane of the sphere size of
radius 15 µm, with the refractive index of 1.51, is shown in the Figure 2.7. The electric
ﬁeld of the sphere mode in a plane perpendicular to the equatorial plane is shown in
Figure 2.8, showing a contour plot of the wave function in radial and angular directions,
ψ(r,θ). For ease of visualisation, the ﬁelds that are shown in the ﬁgures are plotted
based on relatively small spherical mode numbers l of 25. In Figure 2.7 and 2.8, the
sphere boundary is located at 15 µm, the sphere mode numbers are l = 25, m = 25
and n = 1. The corresponding wavelength of the mode described is 4.77 µm. The ﬁelds
inside and outside the sphere are matched at the boundary as expected. Figure 2.7
shows that the ﬁeld of the fundamental mode in the radial direction has a maximum
peak located close to the sphere interface, and the ﬁeld in an azimuthal direction has
50 peaks. Figure 2.8 shows the fundamental mode of the ﬁelds in radial and angular
directions, the ﬁeld has one peak in both directions. As a conclusion, it can be seen
that the numbers of ﬁeld extrema in the azimuthal, angular and radial directions are 50,
1, and 1, respectively. These results agree with the previous explanation on the mode
numbers, that the number of extrema in azimuthal direction is 2m (2 ∗ 25 = 50), the
number of extrema in the angular direction is l − |m| + 1 (25 − |25| + 1 = 1) and the
number of extrema in the radial direction is n (1).
Figure 2.7: Electric ﬁeld in ˆ r-ˆ φ plane, l = 25, m = 25, n = 1, λ = 4.77 µm, Ro = 15
µmChapter 2 Theoretical modelling of microspheres and waveguide-coupled
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Figure 2.8: Electric ﬁeld in ˆ r-ˆ θ plane, l = 25, m = 25, n = 1, λ = 4.77 µm, Ro = 15
µm
In this section, the contour plots of the next two higher order modes in the radial
direction, (when n = 2,n = 3) in an equatorial plane, are shown in Figure 2.9 - 2.10.
The ﬁgures shows that there are 2, 3 maxima in the radial direction, respectively; this
number of maxima is equal to the sphere mode number n. Not only the observation
in the radial direction can be achieved, in this equatorial plane, the azimuthal mode
dependency can also be observed. The number of maxima in this direction can be
obtained from the mode number m multiplied by 2. For example, Figure 2.11 shows
that when the sphere mode number m is 22, the numbers of maxima in the azimuthal
direction is 44; while Figure 2.12 shows that when the sphere mode number m is 24, the
numbers of maxima in the azimuthal direction is 48.
In a transverse plane, which is the plane perpendicular to the equatorial plane, the
contour plots of the next three higher order modes in the angular direction (when m =
l−1,...,m = l−3) are shown in Figure 2.13 to Figure 2.15. The contour plots show that
the number of maxima in an angular direction and the angle of the ﬁeld propagation to
the equatorial plane are increasing as the mode number m is decreasing, respectively.
In the transverse plane, the variations of the modal intensity distribution can be seen in
both the radial and angular directions. The contour plots in Figure 2.16 and Figure 2.17
show the variations of the mode in radial and angular dependencies in the same plot.
The modes with sphere mode numbers l = 25, n = 2, m = l and l = 25, n = 2,
m = l−2 are plotted in Figure 2.16 and 2.17, respectively. The mode with sphere mode
number n = 2 has 2 peaks (counted from the origin of the sphere toward the sphere
boundary), while the mode in angular dependent can be obtained from diﬀerent sphereChapter 2 Theoretical modelling of microspheres and waveguide-coupled
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mode number m. Figure 2.16 shows that when m = l, the number of maxima in angular
dependent is 1; while Figure 2.17 shows that when m = l−2, there are 3 maxima in the
angular direction.
Figure 2.9: Electric ﬁeld in ˆ r-ˆ φ plane, l = 25, m = 25, n = 2, λ = 4.13 µm, Ro = 15
µm
Figure 2.10: Electric ﬁeld in ˆ r-ˆ φ plane, l = 25, m = 25, n = 3, λ = 3.71 µm, Ro = 15
µmChapter 2 Theoretical modelling of microspheres and waveguide-coupled
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Figure 2.11: Electric ﬁeld in ˆ r-ˆ φ plane, l = 25, m = 22, n = 1, λ = 4.77 µm, Ro = 15
µm
Figure 2.12: Electric ﬁeld in ˆ r-ˆ φ plane, l = 25, m = 24, n = 1, λ = 4.77 µm, Ro = 15
µmChapter 2 Theoretical modelling of microspheres and waveguide-coupled
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Figure 2.13: Electric ﬁeld in ˆ r-ˆ θ plane, l = 25, m = 24, n = 1, λ = 4.77 µm, Ro = 15
µm
Figure 2.14: Electric ﬁeld in ˆ r-ˆ θ plane, l = 25, m = 23, n = 1, λ = 4.77 µm, Ro = 15
µmChapter 2 Theoretical modelling of microspheres and waveguide-coupled
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Figure 2.15: Electric ﬁeld in ˆ r-ˆ θ plane, l = 25, m = 22, n = 1, λ = 4.77 µm, Ro = 15
µm
Figure 2.16: Electric ﬁeld in ˆ r-ˆ θ plane, l = 25, m = 25, n = 2, λ = 4.13 µm, Ro = 15
µmChapter 2 Theoretical modelling of microspheres and waveguide-coupled
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Figure 2.17: Electric ﬁeld in ˆ r-ˆ θ plane, l = 25, m = 23, n = 2, λ = 4.13 µm, Ro = 15
µm
The WGM ﬁelds have been found in this section with a complete description of the ﬁelds
in the three directions of the spherical coordinates. These ﬁelds are described by the
spherical mode numbers with refractive index, the radius of the sphere and wavelength
being the parameters required to determine the ﬁelds. The values of wavelengths that
correspond to the spherical mode numbers are found by solving the characteristic equa-
tion, Equation 2.4. The examples of the basic mode numbers which describe WGMs
have been pointed out and illustrative examples are given in this section. Some of these
modes are the modes that have the same mode number of n and l (with diﬀerent m
value); they are generated under the same operating wavelength. The coupling strength
from the optical waveguide into these modes can now be addressed.Chapter 2 Theoretical modelling of microspheres and waveguide-coupled
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2.3 Waveguide modal calculation
In order to determine the coupling factor, κ, which is an important parameter used
to determine the coupling eﬃciency between the waveguide and the sphere resonator,
the ﬁelds of both the sphere modes and the waveguide mode must be determined. The
Q-factor of the system can also be calculated from the coupling factor and other loss
mechanisms [2, 6]. In the previous section, the ﬁelds of the sphere modes were determined
using analytical solutions. In this section an example of the waveguide modal derivation
by using a Beamprop modelling package is discussed.
As an example in this section, the waveguide width and height are chosen to have the
value of 5 and 3 µm, respectively (see ﬁgure 2.18). These values are chosen based on
the value obtained from potassium-sodium-ion exchanged waveguide in BK7 with an
opening width of 3 µm and diﬀusion time of 4 hours. The detailed discussion on the
fabrication, will be given in Chapter 3. The background refractive index, nb, which
corresponds to the refractive index of the surrounding medium, is 1, substrate refractive
index, ns, is 1.51 and the index change, ∆n, is 0.0094. The selection of ∆n is chosen
based on the value in the literature for potassium-sodium ion exchanged waveguide in
BK7 [7]. The values of the parameters that are used in this waveguide modal calculation
are shown in Table 2.2. The example of the electric ﬁeld, E2
y, plot in the transverse plane
of the TE fundamental mode is shown in Figure 2.19. It shows the ﬁeld distribution
of the fundamental mode of the waveguide which has a corresponding eﬀective index of
1.511517 at the operating wavelength of 750 nm.
Parameters Values
Background refractive index, nb 1.00
Substrate refractive index, ns 1.51
Index change, ∆n 0.0094
Waveguide width (µm) 5
Waveguide height (µm) 3
Table 2.2: Waveguide parameters
Figure 2.18: Waveguide cross-section
Figure 2.19: Waveguide transverse
mode proﬁleChapter 2 Theoretical modelling of microspheres and waveguide-coupled
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The ﬁeld outputted by the BPM has arbitrary amplitude, it is therefore normalised so
that the integral of |E|2 over the area of the mode distribution in the cross-sectional
plane is unity, see Equation 2.13.
N2
wg
Z
x
Z
y
|Ewg|2 dxdy = 1, (2.13)
where Ewg is the electric ﬁeld strength (V/m), and Nwg is the waveguide normalisation
constant. The sphere WGM’s and the waveguide mode ﬁeld are normalised to allow the
subsequent calculation of the WGM’s and the waveguide coupling factor.Chapter 2 Theoretical modelling of microspheres and waveguide-coupled
microspheres 33
2.4 Q and its components
The quality factor of the mode describes the relationship between the energy stored (Es)
in the resonator cavity and the energy loss per cycle (EL), and can be determined from
Q =
2π · Es
EL
, (2.14)
The relation in Equation 2.14, expresses the fact that the more energy that is lost per
cycle, the smaller Q becomes.
The total Quality factor of the system is composed of several loss contributions, which
are intrinsic material absorption, scattering loss, surface absorption loss, loss due to
the intrinsic radiative loss from WG mode propagation and the external coupling loss.
Qext is deﬁned as the quality factor that depends on the external coupling loss, this
value of Q varies with the separation of the sphere and waveguide, as described in the
last section. QWGM, Qsurf and Qmatl are the Q factors of the system corresponding to
the loss due to intrinsic radiative loss from WG mode propagation, material absorption
and scattering loss due to surface roughness, respectively, these Q values do not depend
on the gap separation of the sphere and waveguide. The total Q is obtained from the
relation shown in Equation 2.15 [8].
Q−1 = Q−1
WGM + Q−1
surf + Q−1
matl + Q−1
ext, (2.15)
where QWGM can be obtained from Equation 2.16 [2].
QWGM =
l2ns
k3coN2
sn2
oR5
oZo
×[no

π
γ1
1/4
jl(knsRo)jl+1(knoRo)
−ns

π
γ2
1/4
jl−1(knsRo)jl(knoRo)]−2, (2.16a)
γ1 = l −
1
2
− knoRo
jl(knoRo)
jl−1(knoRo)
+
(knoRo)2
l
, (2.16b)
γ2 = l +
1
2
− knoRo
jl+1(knoRo)
jl(knoRo)
+
(knoRo)2
l
, (2.16c)
Where c is the speed of light in vacuum, o is the permittivity in free space, Zo is
the impedance of free space, and Ns is the normalisation constant that was previously
obtained in Section 2.2.Chapter 2 Theoretical modelling of microspheres and waveguide-coupled
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Qmatl is the quality factor that is associated with the material absorption of the spherical
cavity. It can be calculated from the following equation [8].
Qmatl =
2πns
λαdB
matl
, (2.17)
where αdB
matl is the loss in dB per unit length, ns is the sphere index, and λ is the
wavelength.
Qsurf is the quality factor that is associated with the surface roughness of the spherical
cavity. It can be calculated as follows [8, 9].
Qsurf =
Dλ2
2Lcorrπ2σ2, (2.18)
where D is the sphere diameter, λ is the wavelength, Lcorr is the surface correlation
length, and σ is the root mean square of the surface roughness.
Figure 2.20 shows the QWGM as a function of sphere diameter for the spheres of refractive
index of 1.51 at the operating wavelength of λ = 750 nm. It can be seen from Figure 2.20
that, at the operating wavelength of 750 nm, spheres of diameter greater than 10 µm
have QWGM of greater than 1011.
Figure 2.20: QWGM vs sphere diameter, D, for the sphere of refractive index 1.51 at
the operating wavelength of λ = 750 nm
Figure 2.21 shows that for the sphere of refractive index of 1.51 at the operating wave-
length of 750 nm, the quality factor due to material loss has value of more than 109 withChapter 2 Theoretical modelling of microspheres and waveguide-coupled
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the value of material loss per unit length (αdB
matl) of less than 10 dB/km. It has been
found that the material loss for fused silica is about 5 dB/km at wavelength near 750
nm [9], which corresponds to Qmatl of about 109.
Figure 2.21: Qmatl vs material loss in dB per unit length, αdB
matl, for the sphere of
refractive index of 1.51 at the operating wavelength of λ = 750 nm
Typical values of the surface correlation length, Lcorr, and the rms of the surface rough-
ness, σ, are Lcorr ≈ 5 nm and σ ≈ 1 nm, respectively [8–11]. Figure 2.22 shows the plots
of Qsurf vs surface correlation length, Lcorr, for a 30 µm diameter sphere at the operating
wavelength of λ = 750 nm. It can be seen that, at the point where Lcorr = 5 nm and
σ = 1 nm, the quality factor due to the surface roughness is about 1 × 108. It also can
be seen that, at the ﬁxed value of Lcorr, the value of Qsurf is greater as σ gets smaller,
and vice versa.
Thus, it can be concluded that, for the typical value of roughness for a 30 µm diameter
sphere with the index of 1.51 at the operating wavelength of 750 nm, the losses that
are associated with QWGM and Qmatl are relatively small compared to the loss that is
introduced by the roughness of the sphere. The loss due to the surface roughness is a
major loss of the system.
The study of coupling factor and Qext as a function of gap separation will be explored
in the next section.Chapter 2 Theoretical modelling of microspheres and waveguide-coupled
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Figure 2.22: Qsurf vs surface correlation length, Lcorr, as a function of σ, for a 30 µm
diameter sphere at the operating wavelength of λ = 750 nmChapter 2 Theoretical modelling of microspheres and waveguide-coupled
microspheres 37
2.5 Determination of coupling factor and Qext
2.5.1 Introduction
In this section, the evaluation of the cross-coupling factor, κ, through overlap integration
of the evanescent ﬁeld of the waveguide and the ﬁeld distribution in the sphere will be
described, allowing the determination of the coupling strength from a waveguide into a
sphere WGM as a function of sphere-waveguide separation. The microsphere resonator
is placed on or close to the surface of the waveguide so that WGMs may be evanescently
excited.
2.5.2 Method to calculate coupling factor and Qext
Coupling factor of the system can be determined through the overlap integration of the
waveguide ﬁeld and the ﬁeld in microsphere resonator. In this chapter, the coupling
factors are calculated from the overlap integration between the evanescent ﬁelds of the
waveguide over the transverse cross-section of the sphere resonator. The transverse
plane of the sphere resonator and the transverse plane of the waveguide are deﬁned as
the plane that is perpendicular to the direction of the waveguide mode propagation.
The ﬁeld of the sphere resonator is normalised so that the modulus squared of ﬁeld
distribution of the mode integrated over the transverse plane sums to unity. Likewise,
the ﬁeld distribution of the waveguide is normalised so that the integration of |Ewg|2
over the waveguide cross-section is unity. These normalised ﬁelds will be denoted as
˜ Esphere and ˜ Ewg, respectively. Figure 2.23 shows the electric ﬁeld distribution of the
fundamental mode of the sphere, as well as the evanescent ﬁeld of the waveguide in a
transverse plane.
The overlap integral of these normalised ﬁelds is used to calculate the coupling strength
between the waveguide and the sphere. The interaction strength between the waveguide
mode and the sphere mode at the minimum separation, Ko, is shown in Equation 2.19
[2].
Ko =
π
λneﬀ
Z
x
Z
y
(n2
s − n2
o)˜ Esphere˜ Ewg dxdy, (2.19)
where ˜ Esphere is the normalised electric ﬁelds of the sphere, and ˜ Ewg is the normalised
waveguide ﬁeld. neﬀ is the eﬀective refractive index of the mode propagating along the
waveguide. ns is the sphere refractive index and no is an air index, the term (n2
s − n2
o)
indicates that the ﬁeld overlap outside the sphere is zero.
When light travels into the system along the z direction, there is a phase mismatch due
to the diﬀerence in velocity of the light propagation in the sphere and the waveguide.Chapter 2 Theoretical modelling of microspheres and waveguide-coupled
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Figure 2.23: Electric ﬁeld distribution of the fundamental mode of the sphere and
waveguide
The net coupling amplitude is obtained from integrating Ko along the curved surface
of the sphere along the z direction over the entire region of the interaction while taking
the phase mismatch into account. Due to the curvature of the sphere, a decrease of
the interaction strength between the ﬁelds is introduced as the light is travelling away
from the minimum separation, the decay constant of the waveguide must be included to
obtain a net coupling eﬃciency. The coupling factor, κ is found from Equation 2.20 [2].
κ =

K2
o
2πRo
γwg
exp

−Ro∆β2
γwg
1/2
, (2.20)
where
∆β = βwg −
m
Ro
, (2.21a)
γwg =
2π
λ
q
n2
eﬀ − n2
o, (2.21b)
∆β is the diﬀerence in propagation constants. γwg is the waveguide mode decay constant
away from the waveguide surface.
The relationship of the coupling factor and the Quality factor of the system that is due
to the coupling to the waveguide, Qext, assuming there is no other loss, can be found
from Equation 2.22 [2].
Qext =
mπ
κ2 , (2.22)
where m is the sphere mode number in the angular direction and κ2 is proportional toChapter 2 Theoretical modelling of microspheres and waveguide-coupled
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the power coupled into the sphere per revolution.
2.5.3 Validation against literature
In this thesis, the Beamprop (BPM) package will be used to obtain the electric ﬁelds
in the waveguide. To conﬁrm that the modal ﬁelds from the BPM package agree with
the analytical results obtained from literature [2], the Qext from the two approaches are
compared.
The parameters in the calculation are based on the system coupling from a 5 µm tapered
ﬁber into a sphere resonator of 500 µm in diameter at a wavelength of 1550 nm. The
refractive index of the sphere and ﬁber are 1.45. The intensity of the fundamental mode
of a 5 µm diameter ﬁbre was obtained and normalised to unity. Figure 2.24 shows that
the Qext obtained from the two approaches have the same values. The overlap integral of
the ﬁbre ﬁeld and the ﬁeld in the sphere was carried out. The results in Figure 2.24 show
a good agreement on a calculated ﬁber ﬁeld from the BPM method and the analytical
solutions approach. Thus, the results from Beamprop are reliable and they will be used
to describe the ﬁeld distribution in the waveguide substrate throughout this thesis.
Figure 2.24: Comparison of Qext vs So of the literature and modelling resultsChapter 2 Theoretical modelling of microspheres and waveguide-coupled
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2.5.4 Qext as a function of separation between a sphere and a waveguide
As the sphere is placed further away from the waveguide surface, the waveguide evanes-
cent ﬁeld reaching the sphere is reduced. Figure 2.25 shows the ﬁelds of the sphere
and the evanescent ﬁeld of the waveguide as the sphere is placed further away from the
waveguide substrate.
Figure 2.25: Electric ﬁeld distribution of the fundamental mode of the sphere and
waveguide
Ko as a function of waveguide-sphere separation can be found from the equation below.
Ko(So) =
π
λneﬀ
Z
x
Z
y
(n2
s − n2
o)˜ Esphere˜ Ewg(So)dxdy, (2.23)
where ˜ Esphere is the normalised electric ﬁelds of the sphere, and ˜ Ewg(So) is the normalised
waveguide ﬁeld as a function of gap separation.
Coupling factor as a function of gap separation, κ(So), is found from Equation 2.24 [2].
κ(So) =

K2
o(So)
2πRo
γwg
exp

−Ro∆β2
γwg
1/2
, (2.24)
Figure 2.26 shows results of Ko as a function of waveguide-sphere separation, So, of
a 30 µm diameter sphere with refractive index of 1.51 at 750 nm. The calculations
are based upon the fundamental mode for both sphere and waveguide. The coupling
eﬃciency decreases exponentially as the distance of the sphere and the waveguide surface,
So, is increased. The results of the coupling factor as a function of the distance from
the waveguide surface are shown in Figure 2.27, with a similar manner to Ko, the
graph shows that at the zero separation, the coupling factor has a maximum value, andChapter 2 Theoretical modelling of microspheres and waveguide-coupled
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Figure 2.26: Ko as a function of gap separation
decreases in fast decay manner as the separation increases toward 1000 nm away from
the waveguide surface.
Figure 2.27: κ as a function of gap separation, So
It is clear that, as expected, the coupling factor is reduced as the sphere is placed at a
further distance from the waveguide surface. Q as a function of the separation is shown
in Figure 2.28. Q of the system due to the coupling is increasing as the waveguide-Chapter 2 Theoretical modelling of microspheres and waveguide-coupled
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sphere separation, So, is increasing. In order to obtain higher Q, the coupling factor of
the system must be decreased. It is important to note that if other sources of loss are
taken into account, the total Q will be limited to the value of Q of the maximum loss.
Figure 2.28: Qext as a function of gap separation, So
2.5.5 Qext of various sphere modes
In this section, the quality factors of the waveguide coupled spheres for various mode
numbers m and n are determined. Figure 2.29 shows the contour plots in the transverse
plane of the waveguide mode and some of the examples of sphere modes, which are a)
n = 1, m = l, b) n = 2, m = l, c) n = 1, m = l − 1, and d) n = 1, m = l − 2, where
l = 180, n = 1 corresponds to λ = 750 nm, and n = 2 to λ = 720 nm, respectively.
Quality factors of these sphere modes are shown in Figure 2.31 and 2.33 as a function of
waveguide-sphere separation. The resultant Q of the system of other degenerate modes
is plotted in Figure 2.31. It can be seen that the fundamental mode in an angular
direction (|m| = l) has a highest ﬁeld overlap, resulting in low Q, while the other modes
in the angular direction (|m| 6= l) have a relatively high Q compared to the fundamental
mode. These results can simply be explained by observing the variation of the ﬁeld
overlap of the sphere mode and the waveguide ﬁeld, where the fundamental mode has
the highest overlap.
When m = l − (2n + 1), where n = 0,1,...,l/2, the modes that are asymmetrical
in amplitude are obtained. It is very obvious to observe that, in an ideal case, these
“asymmetric” modes have zero coupling eﬃciency, due to the ﬁeld maxima and minimaChapter 2 Theoretical modelling of microspheres and waveguide-coupled
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in the overlap integral cancelling. Accordingly, the Q value of the system is unmeasurable
using this evanescent excitation conﬁguration.
When m = l−(2n), where n = 1,2,...,l/2, the modes that are symmetrical in amplitude
are obtained. In these cases, the ﬁeld maxima of the main lobe have a smaller ﬁeld
distribution compared to the fundamental mode (m = l). Thus, the overlap of the
ﬁelds of these modes is less (see Figure 2.30), consequently, Q of the systems for these
conﬁgurations are higher.
(a) n = 1, m = l (b) n = 2, m = l
(c) n = 1, m = l − 1 (d) n = 1, m = l − 2
Figure 2.29: Sphere resonator of 30 µm in diameter with diﬀerent mode numbers
The Q of the waveguide-sphere system for the diﬀerent radial order modes is now con-
sidered. The fundamental mode in the radial direction (n = 1) has a higher ﬁeld overlap
with the evanescent ﬁeld of the waveguide due to the fact that the ﬁeld of the main
lobe is extended more to the sphere interface. As n increases, the main lobe moves
toward the centre of the sphere, the higher Q is obtained due to weaker coupling with
the waveguide. The coupling factor of the fundamental mode (n = 1) and the next high
order mode in the radial direction (n = 2) of the ﬁeld is plotted in Figure 2.32, and the
Q-factor of the system with a diﬀerent sphere mode number n is shown in Figure 2.33.
Coupling factor, κ, of the radial fundamental mode is greater than κ of n = 2, Q of the
fundamental mode is lower than Q of n = 2, as expected.Chapter 2 Theoretical modelling of microspheres and waveguide-coupled
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Figure 2.30: κ vs So of sphere of fundamental (m = l = 180) and higher order angular
modes (m = 178,170)
Figure 2.31: Q vs So of sphere of fundamental (m = l = 180) and higher order
angular modes (m = 178,170)Chapter 2 Theoretical modelling of microspheres and waveguide-coupled
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Figure 2.32: κ vs So of sphere of fundamental and higher order radial modes (n=1,2)
Figure 2.33: Q vs So of sphere of fundamental and higher order radial modes (n=1,2)Chapter 2 Theoretical modelling of microspheres and waveguide-coupled
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2.5.6 Qext as a function of sphere index
The determination of the Qext as a function of sphere refractive index, ns, is described
in this section. Sphere index is varied from 1.3 - 2.4, while the waveguide index is chosen
to be 1.51. When the sphere index is changed, in order to obtain the fundamental WGM
at the same operating wavelength of 750 nm, the value of l must be adjusted to satisfy
the characteristic equation. In this model, the fundamental modes of a sphere of 30 µm
diameter are calculated. The values of l were obtained according to each sphere index
and are shown in the following table, along with the deduced coupling factors for a zero
separation from the waveguide surface.
Sphere index, ns Sphere mode number l Coupling factor, κ
1.3 155 4.0617 × 10−4
1.4 167 0.0059
1.51 180 0.0301
1.6 190 0.0285
1.8 215 0.0070
1.9 228 7.3307 × 10−4
2.0 240 2.0533 × 10−5
2.2 265 7.6416 × 10−10
2.4 290 3.7280 × 10−16
Table 2.3: Values of sphere mode number l and corresponding κ with diﬀerent sphere
index (m = l, n = 1)
Figure 2.34 shows the results for Qext as a function of the sphere index with diﬀerent
gap separations between the sphere and waveguide, which are So= 0 nm, 100 nm and
300 nm. The system with the higher separation exhibits higher Q, while at the zero
separation Q of the system is at the lowest, as described in Section 2.5.4. At the points
where the diﬀerence in refractive index of the sphere and the waveguide are relatively
large, Q of the system is large. This is because there is less interaction between the two
ﬁelds. At the points where the Q of the system becomes large, where ns is less than
1.3 and greater than 1.8, the corresponding coupling factors are relatively small, see
Table 2.3.Thus, it can be concluded that in order to obtained the maximum coupling
strength (Q is minimum), the index of the designed devices must be matched. However,
these values will be limited by the Q limiting described in Section 2.4, depending upon
the dominant loss mechanism.Chapter 2 Theoretical modelling of microspheres and waveguide-coupled
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Figure 2.34: Q as a function of sphere index with three diﬀerent value of gap separa-
tion (So = 0,100,300 nm), nwg = 1.51Chapter 2 Theoretical modelling of microspheres and waveguide-coupled
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2.5.7 Qext as a function of waveguide width and height
In this section, the variation of Qext with waveguide size and structure is described. The
fundamental WGM of a sphere of 30 µm diameter and a refractive index of 1.51, which
corresponds to the sphere number (l,m,n) of (180,180,1) and λ = 750 nm, is used in
this calculation. The refractive index of the waveguide is 1.51. The waveguide width is
varied from 3 µm to 7 µm with 1 µm increments, while the waveguide height (or depth)
is 3 µm. Figure 2.35 shows the results of the Q factor as a function of waveguide width
with three diﬀerent values of gap separation between the waveguide and the sphere
(So = 0,100,300 nm).
Figure 2.35: Q as a function of waveguide width with three diﬀerent values of So =
0,100,300 nm of a 30 µm diameter sphere with a refractive index of 1.51
As the width of the waveguide is increasing, Q factor is decreasing, because the coupling
strength increases as the width increases as the ﬁeld overlap increases, and the waveguide
width increases. Table 2.4 shows the variation of κ as a function of waveguide width
with three diﬀerent value of So.
Waveguide width (µm) κ@So = 0 nm κ@So = 100 nm κ@So = 300 nm
3 0.0226 0.0090 0.0014
4 0.0272 0.0108 0.0017
5 0.0301 0.0120 0.0019
6 0.0319 0.0127 0.0020
7 0.0328 0.0130 0.0020
Table 2.4: Values of κ as a function of waveguide width with three diﬀerent values of
So = 0,100,300 nm of a 30 µm diameter sphere with a refractive index of 1.51Chapter 2 Theoretical modelling of microspheres and waveguide-coupled
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Figure 2.36 shows the ﬁeld amplitude of the waveguide mode of three waveguides, with
the values of width of 3, 5 and 7 µm. It can be conﬁrmed from Figure 2.36 that the
ﬁeld at the waveguide surface (located at x = 0) of the 7 µm wide waveguide is greater
than the one with 3 µm width. This is because the peak ﬁeld in the waveguide core is
pushed toward the substrate in an asymmetrical manner as the width of the waveguide
is smaller, so that the ﬁeld outside the waveguide is lower, resulting in low coupling
eﬃciency and high Q.
Figure 2.36: Normalised intensity distribution in the depth direction at the centre of
the waveguide (at y = 0) for waveguide widths of 3, 5 and 7 µm, waveguide height of
3 µm, at λ = 750 nm. Inset: Normalised intensity distribution at waveguide surfaceChapter 2 Theoretical modelling of microspheres and waveguide-coupled
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The calculation of Q as a function of the waveguide height (or depth) is also described
in this section. The sphere that has a diameter of 30 µm and refractive index of 1.51
at λ = 750 nm, is used in the calculation. Figure 2.37 and Figure 2.38 show the results
of the κ and Qext as a function of the waveguide height with three diﬀerent values of
waveguide-sphere separation of So = 0,100,300 nm, respectively.
Figure 2.37: κ as a function of waveguide height with three diﬀerent values of So =
0,100,300 nm, of a 30 µm diameter sphere with refractive index of 1.51 at λ = 750 nm
Figure 2.37 shows that, at a waveguide height of 3 µm, κ is maximum, as waveguide
height becomes larger, the coupling is less, and as the waveguide height is reduced to
1 µm, the coupling is reduced. Figure 2.38 shows that at a waveguide height of 3 µm
Q is at minimum, and it increases as the waveguide height increases, because the ﬁeld
overlap is less. Since, when the waveguide depth becomes small, the mode will be weakly
conﬁned within the core of the waveguide, resulting in less coupling factor or high Q.
At the large depth, Q is signiﬁcantly higher than at the smaller depth because the ﬁeld
is pulled down towards waveguide substrate as the height is increasing, as can be seen
from Figure 2.39, where the ﬁeld at the centre of the waveguide (when y = 0) of the 3
µm-depth waveguide is greater than the 7 µm depth.
The coupling factor and quality factor of the systems are calculated. The theoretical
approach used in this work is found to be correlated with the model in literature. These
calculated values of coupling and quality factors are useful for the calculation in the
next section, where the information of the coupling factors is required to obtain the
power-transfer function.Chapter 2 Theoretical modelling of microspheres and waveguide-coupled
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Figure 2.38: Q as a function of waveguide height with three diﬀerent values of So =
0,100,300 nm, of a 30 µm diameter sphere with a refractive index of 1.51 at λ = 750
nm
Figure 2.39: Normalised intensity distribution in the depth direction at the centre of
the waveguide (at y = 0) for waveguide height of 3, 5 and 7 µm, waveguide width 5
µm, at λ = 750 nm. Inset: Normalised intensity distribution at waveguide surfaceChapter 2 Theoretical modelling of microspheres and waveguide-coupled
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2.6 System power-transfer functions
In this section, the power in the sphere and the power transmitted past the sphere will
be obtained from the power transfer functions. The transmittance and circulating power
spectra will be shown and discussed in this chapter. κ that is used in this section is
obtained from the previous section by the overlap integration method.
The power-transfer characteristics of the waveguide coupler and the microsphere res-
onator can be calculated using the unidirectional coupling method [12–15]. The method
mainly depends upon two important coeﬃcients; see Figure 2.40, the transmission coef-
ﬁcient, t, and the cross-coupling factor, κ, as calculated in Section 2.5.2. It is important
to note in Figure 2.40 that t∗ and κ∗ are the complex conjugates of the transmission
coeﬃcient, t, and the cross-coupling factor, κ, respectively. Coeﬃcients a1, a2, b1 and b2
are the ﬁeld amplitudes that correspond to the incident ﬁeld in the waveguide, the ﬁeld
that circulates along the sphere resonator, the ﬁeld at the drop port of the waveguide,
and the incident ﬁeld to the sphere resonator, respectively.
Figure 2.40: Cross-coupling factor and transmission coeﬃcients
The transmission coeﬃcient is the parameter that determines the transmission of the
ﬁeld through the waveguide from the region before to the region after the coupling
region. The cross-coupling factor is the parameter that determines the coupling factor
of the ﬁeld from the waveguide to the sphere resonator, see Figure 2.40. The coupling
matrix that relates these coeﬃcients to the input and the output electromagnetic ﬁelds
is shown in Equation 2.25 [14].
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, (2.25)
From energy conservation,
1 = |t|2 + |κ|2, (2.26)Chapter 2 Theoretical modelling of microspheres and waveguide-coupled
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a2 = α · eiϕb2, (2.27)
The transmission coeﬃcient, t, can be expressed as,
|t| =
p
1 − |κ|2, (2.28)
and, α is the inner circulation factor in the cavity, which can be described by Equa-
tion 2.29.
α = 1 − πRo(αsurf + αmatl + αWGM), (2.29)
where αsurf, αmatl, αWGM are the material, surface scattering and the curvature loss per
unit length of the sphere. αWGM is negligibly small for the sphere size of about 15 times
greater than the wavelength of operation [8]. The surface scattering loss in dB per unit
length is the dominant loss in the cavity, it can be deﬁned as,
αdB
surf =
2Lcorrπ2σ2
Dλ2 ·
2πns
λ
, (2.30)
where Lcorr and σ are deﬁned in Section 2.4.
The power-transfer functions for transmission through the waveguide and the total cir-
culating power inside the resonator cavity are described in the following equations.
Pt
Pi
=
 
 
b1
a1
 
 
2
=
α2 − 2α|t|cos(ϕ) + |t|2
1 − 2α|t|cos(ϕ) + α2|t|2, (2.31a)
Pr
Pi
=
 
 
a2
a1
 
 
2
=
α2(1 − |t|2)
1 − 2α|t|cos(ϕ) + α2|t|2, (2.31b)
where Pi is the waveguide input power, Pt is the power at the waveguide through port,
Pr is the circulating power inside the sphere cavity and ϕ is the circulation phase shift.
The circulation phase shift can be obtained from the equation shown below [13].
ϕ =
2π2Dneﬀ
λ
, (2.32)
where D is the sphere diameter and neﬀ corresponds to the eﬀective refractive index of
the WGM.Chapter 2 Theoretical modelling of microspheres and waveguide-coupled
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At the resonant wavelengths the phase factor, ϕ, equals 2πl, where l is an integer value,
thus the power-transfer functions for transmission through the waveguide and the total
circulating power inside the resonator cavity become,
Pt
Pi
=
 
 
b1
a1
 
 
2
=
(α − |t|)2
(1 − α|t|)2, (2.33a)
Pr
Pi
=

 

a2
a1

 

2
=
α2(1 − |t|2)
(1 − α|t|)2 . (2.33b)
The ratio of Pr and Pi can be deﬁned as an enhancement factor, , which can be
expressed as follows:
 =
Pr
Pi
. (2.34)
Figure 2.41 shows the plots of enhancement factor, , as a function of coupling factor,
where circulating loss factor, α, is varied from 0.9 to 0.9946.
Figure 2.41: Enhancement factor vs κ as a function of α from 0.9 to 0.9946
It can be seen that in the low loss system, where the α is 0.9946, the enhancement
factor is larger than the high loss case, where α = 0.9. In the low coupling factor
regime, the enhancement factor increases as κ increases. At the critical coupling, where
|κ| =
p
1 − |α|2, the enhancement factor is at a maximum, and lastly, at the higherChapter 2 Theoretical modelling of microspheres and waveguide-coupled
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coupling regime, the enhancement factor decreases as κ increases. This indicates that
the maximum power in the sphere is obtained at the critical coupling point.
The important parameters observed from Figure 2.42 are the widths of the resonator
mode at the full-width at half maximum (δλFWHM) and the Quality factor (Q-factor).
The Q-factor of a resonator is a measurement of the sharpness of the resonance, deﬁned
as the time averaged stored energy per optical cycle divided by power loss. Q and
δλFWHM can be calculated by using the following equations [15]:
Qtotal =
π2Dneﬀ
λ
·
√
αt
(1 − αt)
, (2.35a)
δλFWHM =
λ2
π2Dneﬀ
·
(1 − αt)
√
αt
, (2.35b)
Qtotal is the actual Q of a resonator which can be calculated from the coupling loss and
the total loss within the cavity (see Equation 2.36).
1
Qtotal
=
1
Qext
+
1
Qo
, (2.36)
where Qext is the external quality factor that is associated with the loss due to coupling,
Qo is the intrinsic quality factor of the isolated sphere associated with the absorption loss
of the material of the cavity. Qext and Qo can be calculated as shown in Equation 2.37a
and 2.38a, respectively.
Qext =
π2Dneﬀ
λ(1 − |t|)
, (2.37a)
δλFWHM(ext) =
λ2
π2Dneﬀ
· (1 − |t|), (2.37b)
Qo =
π2Dneﬀ
λ(1 − |α|)
, (2.38a)
δλFWHM(o) =
λ2
π2Dneﬀ
· (1 − |α|), (2.38b)
where D is the sphere diameter, α is the circulation loss factor and t is the transmission
coeﬃcient. In this chapter the results comparison will be made mainly on the calculated
parameters which are based upon the coupling loss.Chapter 2 Theoretical modelling of microspheres and waveguide-coupled
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In order to obtain the power-transfer functions for transmission through the waveguide
and the total circulating power inside the resonator cavity plots, the transmission coef-
ﬁcient, t, and the circulation loss factor in the spherical cavity, α, must be identiﬁed.
By performing the overlap integration described in Section 2.5.2, the values of coupling
factor, κ, are obtained. The corresponding transmission coeﬃcient, t, can be calculated
using equation 2.28 (|t| =
p
1 − |κ|2). α is obtained from Equation 2.29, in this section
α is arbitrary and is chosen to be 0.90. At the zero separation between the waveguide
surface and the sphere resonator (i.e. So = 0 nm) where Q due to the coupling is dom-
inant, for a sphere resonator of 30 µm in diameter and a refractive index of 1.51, the
value of the coupling factor, κ is 0.0301, yielding a transmission coeﬃcient, t, of 0.9995.
Figure 2.42 shows the plots of transmission and circulating power when input power is
unity, as a function of wavelength.
Figure 2.42: Transmission and circulating powers as a function of wavelength for a
30µm diameter microsphere with index of 1.51 at zero separation from the waveguide
surface, κ = 0.0301 and α = 0.90
It can be seen from Figure 2.42 that the resonant wavelengths are located at 752.98 nm,
756.99 nm, 761.04 nm, 765.13 nm, and 769.27 nm. The resonant wavelength separation
between two consecutive resonances is found to be 4.07±0.002 nm at λ = 761 nm. This
peak separation can be deﬁned as a free spectral range, FSR, and it can be expressed
as follows [14]:
FSR =
λ2
πneﬀD
, (2.39)Chapter 2 Theoretical modelling of microspheres and waveguide-coupled
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where D is the sphere diameter. FSR is inversely proportional to the sphere diameter, a
smaller sphere cavity yields a larger free spectral range, see Equation 2.39. Figure 2.43
shows the free spectral range as a function of sphere diameter for a sphere that has a
refractive index of 1.51, note that for the simpliﬁcation, neﬀ is chosen to be 1.51.
Figure 2.43: Free spectral range as a function of sphere diameter (λ = 750 nm)
It can be seen from Figure 2.43 that, for the sphere of 30 µm in diameter, FSR has the
value of about 4 nm. The calculated values of Qext and δλFWHM(ext) are found to be
Qext = 5.6 × 103 and δλFWHM(ext) = 0.13 nm at λ = 753 nm, respectively.
From this point until the end of this chapter, the discussion and the comparison will
be made based upon the parameters obtained from the total losses associated with the
systems. The assumption for the total circulating loss in the cavity for a lossless case is
made, the value of α = 0.99999∼1 will be used. Q as function of various parameters, such
as sphere diameter, circulation loss factor, α, transmission coeﬃcient, t, and coupling
factor, κ, will be explored.
First, by substituting the value of κ from Equation 2.26 and α = 0.99999∼1 into Equa-
tion 2.35a, Q can be plotted as a function of sphere diameter with three diﬀerent val-
ues of cross-coupling factor, κ = 0.0301 ,0.0136 ,0.0054 and κ = 0.0019, 8.54 × 10−4,
3.37 × 10−4, at the gap separation of 0 and 300 nm, as shown in Figure 2.44 a) and
b), respectively. These values of κ correspond to the 30 µm diameter sphere with the
index of 1.51 at the operating wavelength of 750 nm with the mode numbers l,m,n
of (180,180,1), (180,178,1), (180,176,1), respectively, see Table 2.5, that are obtained
from the ﬁeld distributions of the diﬀerent modes that vary in angular and azimuthal
dependency.
From Figure 2.44, it can be seen that the smaller spheres have lower Q compared to the
larger spheres.Chapter 2 Theoretical modelling of microspheres and waveguide-coupled
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Sphere mode number l,m,n κ @ So = 0 nm κ @ So = 300 nm
180,180,1 0.0301 0.0019
180,178,1 0.0136 8.54 × 10−4
180,176,1 0.0054 3.37 × 10−4
180,174,1 0.0027 1.68 × 10−4
180,180,2 0.0138 8.64 × 10−4
Table 2.5: κ with various sphere mode numbers l,m,n for zero and 300 nm separations
a)
b)
Figure 2.44: Quality factor as a function of sphere diameter for diﬀerent modes in
angular and azimuthal dependencies a) So = 0 nm, and b) So = 300 nmChapter 2 Theoretical modelling of microspheres and waveguide-coupled
microspheres 59
The further investigation on Q of the same sphere with diﬀerent mode distribution
in radial dependency are shown in Figure 2.45. At the zero separation, the values of
κ are 0.0301 and 0.0138, these values correspond to sphere mode numbers l,m,n of
(180,180,1) and (180,180,2), respectively, see Table 2.5, and κ that correspond to the
same sphere mode number at 300 nm separation of the sphere from the waveguide surface
are 0.0019 and 8.64 × 10−4, respectively.
a)
b)
Figure 2.45: Quality factor as a function of sphere diameter for diﬀerent modes in
radial dependency a) So = 0 nm, and b) So = 300 nm
Figure 2.46 shows plots of Q-factor as a function of circulation loss in dB per unit length,Chapter 2 Theoretical modelling of microspheres and waveguide-coupled
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αdB, in dB/cm for a sphere of diameter 30 µm and ns = 1.51 at the wavelength of 750 nm
with the zero separation of the sphere from the waveguide surface for four diﬀerent cou-
pling eﬃciencies, κ (κ = 0.0301, 0.0136, 0.0054 and 0.0027). These values correspond to
the sphere mode number l,m,n of (180,180,1), (180,178,1), (180,176,1), (180,174,1),
respectively. These modes have the variations in both angular and azimuthal directions.
It shows that the Q-factor increases as αdB gets smaller and that Q-factor values sat-
urate at very low loss values corresponding to a level resulting from the coupling. The
results conﬁrm that Q of the fundamental mode is the lowest compared to the higher
order modes.
The results of the further calculation of Q of the same system described for the diﬀerent
mode variations in radial dependency as a function of αdB, are shown in Figure 2.47.
The values of κ are 0.0301 and 0.0138, which correspond to the sphere mode numbers
l,m,n of (180,180,1) and (180,180,2), respectively.
Figure 2.46: Quality factor as a function of loss in dB per unit length for diﬀerent
modes in angular and azimuthal dependencies, D = 30 µmChapter 2 Theoretical modelling of microspheres and waveguide-coupled
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Figure 2.47: Quality factor as a function of loss in dB per unit length for diﬀerent
modes in radial dependency, D = 30 µmChapter 2 Theoretical modelling of microspheres and waveguide-coupled
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The relationship of the quality factor to the transmission coeﬃcient, t, is shown in
Figure 2.48 - Figure 2.49. The values of quality factor of the system of the three diﬀrent
modes which have the variations in both angular and azimuthal directions, as well as
the ones that have the variations in the radial direction, are shown in Figure 2.48 and
Figure 2.49, respectively, for the circulation loss factor of α = 0.99999.
Figure 2.48: Quality factor as a function of transmission coeﬃcient (t = 0.995−1.0),
circulation factor α = 0.99999, D = 30 µm for diﬀerent modes in angular and azimuthal
dependenciesChapter 2 Theoretical modelling of microspheres and waveguide-coupled
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Figure 2.49: Quality factor as a function of transmission coeﬃcient (t = 0.995−1.0),
circulation factor α = 0.99999, D = 30 µm for diﬀerent modes in radial dependencyChapter 2 Theoretical modelling of microspheres and waveguide-coupled
microspheres 64
2.7 Conclusions
The modes and ﬁelds of the sphere and waveguide have been determined. The WGM
ﬁelds of the sphere are described in three-dimensional spherical coordinates, they are
determined from the spherical mode numbers, l,m,n. By matching tangential electric
and magnetic ﬁelds across the spherical surface, with the use of the characteristic equa-
tion, the resonant wavelengths that are related to the sphere mode numbers l and n.
The example of the electric ﬁeld plot in radial, polar and azimuthal directions, and the
contour plots of the ﬁelds in ˆ r-ˆ θ and ˆ r-ˆ φ planes have been shown.
The modelling calculation of the ﬁeld of the waveguide mode has been derived by the
BPM method. The waveguide core, of dimensions 5 by 3 µm, is used to determine the
ﬁeld in the waveguide. Q variations due to the various losses such as the radiative loss,
material absorption loss, and the loss due to surface roughness have been discussed.
Q variations due to the coupling is determined via overlap integration of the ﬁelds
of the waveguide and sphere in two-dimension in the transverse plane. The overlap
integrals of the ﬁelds have been performed in the transverse cross-section of the ﬁelds
of the waveguide and WGM of the sphere. This overlap integral of the interaction
ﬁelds has been used to determine the coupling eﬃciency from the physical parameters
of the waveguide, the sphere and their separation. The determination of the coupling
and quality factors as a function of the sphere separation from the waveguide has been
performed, and the information of the coupling factors has been obtained to be used
for the power-transfer function derivation. The unidirectional coupling method, which
is used for basic modelling, has been discussed. The transmitted and the circulating
power plots in this chapter are useful for comparison with the experimental results in
Chapter 4.Chapter 2 Theoretical modelling of microspheres and waveguide-coupled
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Waveguide and microsphere
fabrication and characterisation
3.1 Introduction
In this chapter, fabrication processes of potassium-sodium-ion, K+-Na+-ion, and silver-
sodium-ion, Ag+-Na+-ion, exchanged channel waveguides suitable for microsphere exci-
tation, and glass microspheres will be discussed. Section 3.2 will describe the method
and background of the fabrication processes for potassium-sodium-ion exchanged chan-
nel waveguides. The potassium-sodium-ion exchanged waveguide will be prepared so
that single mode operation in the 800 nm region is obtained. The potassium-sodium-ion
exchanged waveguide is an ideal candidate for low loss, single-mode, optical waveguide
applications [1–4]. It has good reproducibility characteristics, since it has a relatively
low diﬀusion rate, thus the diﬀusion depth can be easily controlled. Waveguide char-
acterisation, such as measuring the eﬀective refractive index of the waveguide mode
propagation and waveguide cut-oﬀ wavelengths, will be described at the end of the sec-
tion. Section 3.3 will describe the fabrication processes for silver-sodium-ion exchanged
waveguides, that will be fabricated to use in the 1550 nm wavelength region. Silver-
sodium-ion exchanged waveguides provide a compact modal size for long wavelength
operation compared to the potassium-sodium-ion exchanged waveguide, this increases
the ﬁeld enhancement at the waveguide surface and provides stronger coupling to mi-
crospheres. The ion-exchange technique was ﬁrst demonstrated by Giallorenzi in 1973
[5] and, since then, it has become important in waveguide fabrication research, as the
fabrication process is straightforward and low cost.
Section 3.4 will describe the microsphere production processes and detailed quality mea-
surements of the microspheres. Glass microspheres can be fabricated in various methods,
such as a chemical etching, ﬁbre-tip melting, sphere annealing on carbon substrate [6, 7],
fusion of glass particles with a microwave plasma torch [8–11], and rapid quenching of
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melted glass for microsphere formation [12].
There are two techniques for microsphere fabrication used in this work. In the ﬁrst
technique, microspheres are placed on a glassy carbon plate and heated, so that surface
tension forms them into microspheres. This method is simple and a good surface quality
can be obtained. However, one drawback of this technique is that, when large micro-
spheres (above about 80 µm in diameter) are fabricated, gravity may create a ﬂattened
shape at the bottom of microsphere that is in contact with the carbon substrate. Further,
the quantity of the microspheres obtained from this technique is limited by the area of
the substrate. A good alternative technique for microsphere fabrication is to pass micro-
particles through a hot zone of a vertically oriented quartz furnace liner [13], where the
temperature is set to above the glass melting temperature, and to allow the particles to
fall slowly in an inert atmosphere during the sphere formation process. An inert atmo-
sphere is applied so that the interaction of the micro-particles with the oxygen and water
in the air is minimised, in order to prevent possible contamination and also to maintain
a good surface quality of the microspheres produced and to control the dropping rate of
the particles. Thus, good surface quality of microspheres fabricated in this manner can
be obtained. The production is straightforward to perform, by carefully controlling the
ﬂow rate of an inert gas in the setup and selecting an appropriate operating temperature
for the particular glass. Another advantage of microsphere production using this tech-
nique is that mass production of the microsphere can be obtained. The methods and
techniques for particle preparation and microsphere separation are described in detail in
this section. At the end of Section 3.4, quality factor measurements of the microspheres
will be carried out, and a comparison will be made between the surface quality of the
microspheres fabricated in this work and the commercial microspheres [14].
3.2 Potassium-sodium-ion exchanged channel waveguide
fabrication
The fabrication method for potassium-sodium-ion exchanged channel waveguides in-
volves exchanging potassium ions, K+, in a molten salt with the sodium ions, Na+, in a
glass substrate. Potassium ions are easy to obtain from potassium nitrate, KNO3, and
this can be used as a molten salt for the ion exchange process. BK7 is a high quality
optical glass that is rich in sodium, which makes the exchange of ions feasible. Moreover,
BK7 is one of the most popular optical glasses as it has a broad transmission window
in the visible and the near infrared. The refractive indices of BK7 glass as a function of
wavelength can be calculated by using the dispersion formula (Sellmeier equation) and
the dispersion constants obtained from the Schott handbook on optical glass [15], see
Table 3.1.
By exchanging the heavy ions, that is potassium ions, with the lighter sodium ions ofChapter 3 Waveguide and microsphere fabrication and characterisation 69
Wavelength, λ (nm) BK7 refractive index
587.56 1.51680
632.80 1.51509
656.27 1.51432
700.00 1.51306
750.00 1.51184
800.00 1.51078
850.00 1.50984
1000.00 1.50750
1100.00 1.50616
1300.00 1.50370
1550.00 1.50065
Table 3.1: Calculated refractive indices of BK7 glass as a function of wavelength
the glass substrate, the refractive index in the exchanged area is modiﬁed and has a
higher value. The change of the refractive index of the glass substrate depends on the
diﬀusion temperature and the diﬀusion time, thus, the diﬀusion temperature and time
are parameters that need close control to achieve the required single mode waveguide.
Diﬀusion through a patterned mask may be used to realise a strip of high-index material
which acts as a channel waveguide.
The next section describes the method used for waveguide fabrication.
3.2.1 Waveguide fabrication process
Preparation of the glass substrate for ion exchange is carried out by photolithography,
which is the process of transferring the pattern from a mask onto the surface of the
required substrate. The waveguide fabrication procedure, which is carried out in a
cleanroom environment, is as follows.
BK7 glass substrates having dimensions of 50×50×1 mm3, were cleaned in a hydrogen
peroxide:sulfuric acid solution (H2O2:H2SO4=1:4) in a heated ultrasonic bath at 85◦C,
then the substrates were washed with deionised water. In order to prevent moisture
remaining on the surface of samples, the samples were placed in the oven at 120◦C for 20
minutes. An aluminium, Al, layer about 200 nm thick was then evaporated in a vacuum
chamber onto the glass substrate to form a barrier layer. S1813 positive photoresist was
then coated onto the substrate (see Figure 3.1) by spin coating at a speed of 6000 rpm
for 30 seconds, to achieve a uniform layer of thickness 1 µm. The coated substrate was
placed in an oven for 30 minutes at 90◦C to soft-bake the photoresist.
The waveguide patterns, which are the straight channels with widths ranging from 3-
12 µm, were transferred to the substrate by aligning the designed mask to the desired
area, and exposing the photoresist to the ultraviolet (UV) light of intensity level of
18 mW/cm2 at λ = 365 nm so that the exposed photoresist was soluble and couldChapter 3 Waveguide and microsphere fabrication and characterisation 70
Figure 3.1: Photolithography: Surface preparation; a) Glass substrate with Al layer,
b) Glass substrate with Al and positive photoresist layers
be removed in a developer. The exposure time to the UV light was set to about 5
seconds; this parameter was chosen from an optimised value estimated from the prior
work [16]. The sample was then placed in Microposit MF 319 developer to remove
the photoresist in the exposed areas, hence only the material underneath the masked
areas remained. The sample was then placed in an oven at 120◦C for 30 minutes to
hard-bake the photoresist. The aluminium etchant solution was used to etch away the
unwanted part of the aluminium layer, forming narrow channels in the aluminium layer.
Al etchant was heated up to 50 ◦C, and an etch time of 90 seconds was used to etch away
the unwanted part. The remaining photoresist layer was washed away with acetone and
isopropanol, leaving the aluminium patterns remaining on the glass substrate. At this
stage, the sample was ready for the ion exchange process. The areas exposed to the
molten salt, not covered by the aluminium patterns, would become channel waveguides
when the process of ion-exchanging was completed.
Figure 3.2: Photolithography: Pattern transferring; c) High intensity UV light ex-
posure, d) Glass substrate with Al and positive photoresist pattern, e) Glass substrate
with Al and positive photoresist pattern, f) Glass substrate with Al pattern
In order to obtain a single mode waveguide at a wavelength of 800 nm, for the waveguide
that has a mask width of 3 µm, the diﬀusion time was set to about 4 hours; and molten
KNO3 for ion exchange was placed in an ion exchanging furnace with the temperature set
to 400◦C [17]. After completing the ion exchange process, in order to prevent cracking
of the glass, the substrates were removed slowly from the molten salt. The residual saltChapter 3 Waveguide and microsphere fabrication and characterisation 71
on the glass substrates was immediately washed away in deionised water. At this stage,
the index modiﬁed areas, as shown in Figure 3.3, had been formed in the substrates,
and comprised the channel waveguides.
Figure 3.3: Ion exchanging; g) Glass substrate with channel waveguide and Al pattern,
h) Glass substrate with channel waveguide
The edges of the waveguide were polished to obtain smooth surface ends for input/out-
put coupling. Polishing was carried out as follows. Waveguide substrates were placed
between two other glass substrates by using some heated wax for adhesion, in order
to prevent the edges cracking when performing the cutting process. After the cutting
process, the substrates were placed ﬁrmly in a holder with a suﬃcient loading weight to
maintain the substrates in contact with the rotation plate while rotating. Nine-micron
calcined aluminium oxide suspension was used to condition the rotational iron plate (as
it required conditioning prior to its use). The lapping processes, with 9-µm and 3-µm-
calcined aluminium oxide solutions, were consequently performed for 60 minutes and
30 minutes to achieve the removal of approximately 1000 µm and 300 µm, respectively.
Lastly, a chemical removal was completed with Syton solution (0.125 µm silica particles
in aqueous solution). Syton solution was applied onto the rotational plate, while the
plate was rotating at a constant rate at 20 rpm for 20 minutes to achieve a uniform
surface removal. The dropping rate of the Syton liquid was carefully controlled to pre-
vent crystallisation of the Syton solution occurring if the substrates or the rotational
plate were too dry. After the polishing process, in order to prevent crystallisation of the
Syton solution, the glass substrates required an immediate and thorough cleansing in
deionised water. At this stage, a waveguide substrate with high quality polished ends
was obtained. Wax contaminant was washed away with Ecoclear. Aluminium pattern
removal was achieved by placing samples into a 50◦C aluminium etchant solution for
about 5 minutes. At this stage, the K+-Na+-ion channel waveguide was ready to be
used. The typical value of the waveguide propagation loss was found to be about less
than 0.8 dB/cm [17].
3.2.2 Prism coupling: Neﬀ determination
In this section, the characterisation of the eﬀective refractive index of the mode propa-
gation in the waveguide, Neﬀ, is described. The prism coupling method [18] is a simple
approach used to measure the eﬀective refractive index of the mode that propagates
along the waveguide. This method is convenient and easy to set up, the eﬀective refrac-Chapter 3 Waveguide and microsphere fabrication and characterisation 72
tive index measurement of the mode is obtained by observing the angle of incident light
onto the prism face. The value will be compared with the value found from literature,
and used to inform the choice of paramters in theoretical models, when compares with
experimental results.
The laser beam from a helium neon, HeNe, laser (λ = 632.8 nm) entered the prism
with an incident angle, α, so that the light at the incident angle at the prism base, θ, is
reﬂected by total internal reﬂection, see Figure 3.5. The waveguide was placed parallel
in proximity to the prism base. The condition for the coupling is that the incident beam
must enter the prism with an appropriate angle such that the evanescent ﬁeld in the
gap between the prism base and the waveguide has the same phase velocity. The angle
that matches the incident velocity in the x-direction to the phase velocity of one of the
guided propagation modes is called the “synchronous angle” [18]. It is also useful to
note that the gap between the prism base and the waveguide is normally of the order
of half a wavelength in order to obtain suﬃcient light coupling into the waveguide, see
Figure 3.4.
Figure 3.4: Prism coupling: Apparatus [18]
Monomode channel waveguides are very small, and light coupling from a prism to a
small channel can be very complicated in this setup. Thus, the eﬀective refractive index
of the mode from the slab waveguide is measured. This eﬀective refractive index is the
upper limit of the eﬀective refractive index of the mode in the channel waveguide. The
eﬀective refractive index of the mode in the channel waveguide is between the substrate
refractive index and Neﬀ of the slab.
The measurement is done at the back of the substrate where the slab waveguide was
formed. The evidence for light coupling into the slab waveguide can be observed on
a screen, where the output light is coupling out at the exit face of the prism. At the
angle, α, where the light is coupled into the slab waveguide, the scattered light from the
waveguide substrate reﬂects back to the prism and couples out at the exit face, then
bright lines appear on the screen. By measuring this angle of incidence, which is the
angle at which light enters the prism, with respect to the perpendicular plane normal
to the prism entrance face, the value of the eﬀective refractive index of the mode can beChapter 3 Waveguide and microsphere fabrication and characterisation 73
obtained.
Figure 3.5: Prism coupling: Ray tracing
The eﬀective refractive index of the excited mode can be calculated from the ray tracing
method, using Snell’s law, as described in the following formula.
Neﬀ = np · sin

 +

sin−1

sinα
np

, (3.1)
where np is the refractive index of the prism,  is the prism angle, and α is the incident
angle, see Figure 3.5.
Measurement of the eﬀective refractive index of the waveguide modes was carried out
on a BK7 waveguide. K+-Na+-ion exchanged waveguides, that were fabricated based on
the detailed discussion in Section 3.2, were characterised. The refractive index and the
angle of the prism, that were used in the prism coupling apparatus for the measurement,
were np = 1.79884 and  = 55.068◦, respectively. Light from a HeNe laser was launched
through a polariser so that light in TE or TM polarisation was obtained, light was then
focused onto the prism face via a lens such that it coupled into a slab waveguide which
was placed in proximity to the prism base. The rotation stage was rotated to the point
where the strongest power output at the output waveguide end was observed on a screen,
the measured incident angle was obtained. TE light was launched to couple to a slab
waveguide, the incident angle obtained was α = 5.107◦. The eﬀective refractive index
of the waveguide mode was calculated, according to Equation 3.1, and was found to
have the value of Neﬀ = 1.5239, corresponding to ∆neﬀ = 0.0073. This ∆neﬀ is smaller
than a typical value of refractive index diﬀerence, ∆n = 0.0094 [2], for the K+-Na+-ion
exchanged waveguide on BK7 at 400◦C, at the operating wavelength of 632.8 nm, where
the diﬀusion depth of about 4 µm [2] was obtained.
It is to be noted that the eﬀective refractive index measurement of the mode in the
waveguide was carried out with a HeNe laser at a wavelength of 632.8 nm. In order to
obtain the values of the eﬀective refractive indices of the waveguide modes at a required
wavelength of operation, the apparatus must be setup with a laser source of the desired
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3.2.3 White light attenuation spectroscopy: Waveguide cut-oﬀ wave-
length determination
In this section, the method of measuring waveguide cut-oﬀ wavelength, λc, is described.
The waveguide cut-oﬀ wavelength, λc, is important since the range of single-mode oper-
ation can be obtained to ensure that the waveguide is appropriate for use at the speciﬁed
wavelength. Waveguide cut-oﬀ wavelengths can be determined by measuring the loss
spectrum of the waveguide in a white light attenuation spectroscopy setup. By measur-
ing the transmission spectrum of the waveguide and comparing it to the one obtained
from the input ﬁbre alone, the spectral loss of the waveguide can be obtained. The
cut-oﬀ wavelength corresponds to the wavelength at which the loss suddenly increases.
At this wavelength, modes are no longer supported by the waveguide.
The experimental apparatus shown in Figure 3.6 is used to measure the waveguide at-
tenuation spectra. Light from a white light source was coupled to the waveguide through
an optical ﬁbre. The waveguide output light was focused onto a monochromator and
detector via a lens. This detector was connected to a lock-in ampliﬁer and computer.
The lock-in ampliﬁer ampliﬁed the periodic square wave signal that was generated by
the light source through the chopper. A polariser was placed in front of the monochro-
mator to allow the selection of light propagation in the TE or TM mode. The output
power spectra for the TE and TM polarisations were observed and compared to those
obtained from the ﬁbre, in order to determine the spectral loss due to the presence of the
waveguide. Loss in decibels, as a function of wavelength, of the waveguide was obtained
as follows,
lossdB(λ) = −10log

Twaveguide(λ)
Tﬁbre(λ)

, (3.2)
where Tﬁbre(λ) is the output power of the ﬁbre and Twaveguide(λ) is the output power of
the waveguide as function of wavelength.
Figure 3.6: Apparatus for measuring absorption loss spectrumChapter 3 Waveguide and microsphere fabrication and characterisation 75
The measurement of waveguide cut-oﬀ wavelengths for K+-Na+-ion exchanged channel
waveguides made through mask widths of 3 µm, 6 µm and 10 µm, were carried out.
Light was launched into each of these channel waveguides, the spectra of transmission
signals from each of the waveguides and transmission spectra from the ﬁbre without the
waveguide were recorded. The value of the cut-oﬀ wavelengths are determined through
the insertion loss of the waveguide to the ﬁbre. Figure 3.7 shows the plots of the insertion
loss in dB of the 3 µm-wide K+-Na+-ion exchanged waveguide to the ﬁbre. The cut-oﬀ
wavelengths for TE and TM polarisations of 1090 nm and 1089 nm, are determined,
respectively. There is not much of a variation of the cut-oﬀ wavelength values in TE
and TM cases, because the index diﬀerence in the potassium-sodium-ion exchanged
waveguide is considered to be small. Figure 3.7 shows that there is a high background
loss; this is due to misalignment or mode mismatch of the ﬁbre and the waveguide.
Figure 3.8 shows the results of waveguide cut-oﬀ wavelengths of the K+-Na+-ion ex-
changed waveguide as function of mask widths in both polarisations. It can be seen that
the waveguide cut-oﬀ wavelengths are larger for larger mask width, as expected, because
the channel fabricated with a larger mask width would result in larger dimensions, and
the larger waveguide can support light at a longer wavelength.
This method is appropriate for measuring the cut-oﬀ wavelengths of the waveguide.
However, it is to be noted that this setup is not appropriate for waveguide propagation
loss measurements because the loss measured in this manner includes various components
such as insertion loss and loss due to mode mismatch.Chapter 3 Waveguide and microsphere fabrication and characterisation 76
a)
b)
Figure 3.7: Insertion loss of a K+-Na+-ion exchanged waveguide according to a mask
width of 3 µm and the ﬁbre in; a) TE mode, b) TM mode (wavelength resolution of 1
nm)Chapter 3 Waveguide and microsphere fabrication and characterisation 77
Figure 3.8: Waveguide cut-oﬀ wavelength of K+-Na+-ion exchanged waveguide as a
function of the mask widths of 3 µm, 6 µm and 10 µm in TE and TM modes (∗from
the data with 1 nm wavelength resolution)Chapter 3 Waveguide and microsphere fabrication and characterisation 78
3.3 Silver-sodium-ion exchanged channel waveguide fabri-
cation
In this section, fabrication of silver-sodium-ion, Ag+-Na+-ion, exchanged waveguides
and the waveguide characterisation such as the measurement of the waveguide mode
proﬁle and waveguide cut-oﬀ wavelength, will be described. Single mode silver-sodium-
ion exchanged waveguides for a wavelength in the 1550 nm region were fabricated by the
collaborating team at “N. Carrara” Institute for Applied Physics, Optoelectronics and
Photonics Department, Firenze, Italy [19], while the Optoelectronics Research Centre
laboratories were out of action. Silver-sodium-ion exchanged waveguides [20] are ob-
tained by modifying the glass substrate index by exchanging the Ag+ from a molten salt
with the Na+ in the glass substrate, the areas that are aﬀected by the ion-exchanging
will form channel waveguides. Details of fabrication are described as follows.
3.3.1 Waveguide fabrication process
Surface preparation was carried out using a similar photolithography process as described
in Section 3.2, to obtain patterned substrates for ion-exchange. BK7 glass substrates
were immersed in a 350◦C molten AgNO3:NaNO3:KNO3 of 0.5:49.75:49.75 mol% for
4 hours to form a single mode channel waveguide with a mask width of 4 µm at a
wavelength near 1550 nm. The diﬀusion depth of the waveguide channel, with the
diﬀusion time of 4 hours in a 350◦C molten AgNO3:NaNO3:KNO3 of 0.5:49.75:49.75
mol% that has opening width of 4 µm, is expected to have a value of about 3.5 µm
[19]. KNO3 was included in the molten salt to prevent out-diﬀusion of the K+ from the
glass substrate which could cause tensile stress and microcracks on the surface [21]. The
polishing processes was carried out using similar techniques as used for the potassium-
sodium-ion exchanged waveguide, as described in Section 3.2, and to obtain channel
waveguides with high quality polished ends.
3.3.2 Waveguide characterisation
In this section, the waveguide characterisation of the Ag+-Na+-ion exchanged waveguide
is described. At the beginning of this section, the mode proﬁle of the Ag+-Na+-ion ex-
changed channel waveguide measurement was obtained. The mode proﬁle is determined
so that the information of the physical width and depth of the fabricated waveguide
channel can be obtained. These values are important as they are required to be used
in a model in the theoretical sections. At the end of the section, the measurement of
waveguide cut-oﬀ wavelength is included.
Mode proﬁle measurements and cut-oﬀ wavelengths of the Ag+-Na+-ion exchanged
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in the TM polarisation was launched through a microscope objective lens and coupled
into a 4 µm wide Ag+-Na+-ion exchanged waveguide. The modal proﬁle of light in the
waveguide was detected and recorded by a CCD camera. Figure 3.9 shows the mode
proﬁle of the 4 µm wide Ag+-Na+-ion exchanged waveguide. The measured width and
height of the mode proﬁle at full-width of half-maximum of 7.2 µm × 5.5 µm were
obtained.
Figure 3.9: Mode proﬁle of 1550 nm light in a 4 µm wide Ag+-Na+-ion exchanged
waveguide
In order to estimate the physical width and depth of waveguide channel from this mea-
sured beam proﬁle, Beamprop program was incorporated. The values of width and depth
from the Beamprop model which make the corresponding full-width of half-maximum of
the mode proﬁle to have the values close to 7.2 µm × 5.5 µm are deﬁned as the physical
width and depth of the channel waveguide. The speciﬁc constants of nbackground = 1.0,
nsubstrate = 1.5, λ = 1550 nm, and ∆n = 0.02, were used in the model. The values of
channel waveguide width and depth of 7.0 µm and 2.3 µm were obtained, for the TM
polarisation.
It is to be noted that the channel waveguide width is larger than the mask width because,
the nearby areas under the Al patterns were also aﬀected by diﬀusion of the ions, yielding
larger diﬀusion waveguide widths.
The measurement of waveguide cut-oﬀ wavelength of a 4 µm wide Ag+-Na+-ion ex-
changed channel waveguide was carried out in a similar way to the potassium-sodium-
ion exchanged waveguide as described in Section 3.2.3. A cut-oﬀ wavelength could not
be found as it is greater than the wavelength measurable by the current apparatus.
However, the evidence of the second mode appeared at the wavelength below 1300 nm,
so monomode operating of this waveguide at wavelength near 1550 nm was conﬁrmed.Chapter 3 Waveguide and microsphere fabrication and characterisation 80
3.4 Microsphere fabrication
This section describes the microsphere production methods and the experimental work
on measuring the quality of the microspheres. The production process consists of particle
preparation, fabrication and microsphere separation.
3.4.1 Microsphere fabrication on a substrate
In this section, the microsphere fabrication by heating the desired micro-particles on a
carbon substrate is described in detail.
Micro-particles were prepared in a clean environment. The glass was crushed with
an agate pestle and mortar having highly polished surfaces and sieved into a range
of sizes. Stainless steel mesh sieves were used for the particles’ sieving because they
do not introduce any impurities such as iron oxide onto particles during the sieving
process. The sieving process involves two sizes of mesh sieves to obtain a range of
particle sizes according to the sizes of the two mesh sieves. The crushed particles were
ﬁrstly sieved with a large mesh sieve, the larger particles than the mesh size remained
in the sieve, these particles were not used in the sphere formation process. The particles
that passed through the ﬁrst mesh were then sieved with a smaller mesh sieve. The
particles remaining in the second mesh sieve were considered to be the particles of
the required size range for the sphere formation process. The sieved particles were
washed and cleaned, and the unwanted dust and contaminants were washed away using
isopropanol. To prevent moisture forming on the particle surfaces, and the particles
becoming attached to each other, the wet particles were dried in an oven and then
sonicated for 2 to 3 minutes prior to the sphere formation process.
1.5-wt% Nd2O3-doped BK7 microspheres were prepared. Nd-doped glass was crushed
into micro-particles and sieved into the range of sizes from 30 µm to 200 µm. The crushed
particles were placed on to a highly polished carbon plate to prevent any adhesion
that might be introduced between the contact substrate and the glass particles during
the heating process. The particles on the carbon substrate were put in a closed high
temperature furnace chamber in an argon atmosphere. The furnace temperature was
set to 950◦C with a ramping rate of 10◦C/min. The micro-particles were heated with
the duration of 45 minutes to promote the microsphere formation, microspheres were
formed by allowing the surface tension of micro-particles to form spherical shapes. Then
the temperature of the furnace was slowly ramping down to the room temperature, this
process was taken place for about 8 to 10 hours. At this point, the microspheres were
obtained.
Figure 3.10 shows an image of a 100±3 µm diameter microsphere obtained from this
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found to have a good spherical shape and to be transparent, however, the larger micro-
spheres (>80 µm in diameter) have been found to suﬀer from a ﬂattened surface at the
contact area with the substrate, due to gravity pulling the particles downward during
the sphere formation process.
Figure 3.10: Nd-doped BK7 microsphere image, (heated on substrate)
3.4.2 Microsphere fabrication by dropping micro-particles through a
hot zone in vertical furnace
This section describes techniques for microsphere formation by dropping micro-particles
through a hot zone in vertical furnace. Particles for microsphere formation were prepared
using the same process as described in Section 3.4.1.
Figure 3.11 shows the apparatus for microsphere fabrication established by Gregor Elliott
[13]. A high temperature furnace from Lenton Thermal Designs Ltd. and a 90-cm-long
quartz furnace liner, that has a diameter of 1.5 cm, were set in a vertical orientation
to allow the particles to pass down vertically within the quartz furnace liner tube. The
dried crushed particles were dropped into the liner tube, then while the particles travel
from a hot to a cooler zone, the surface tension of the particle promotes the formation
of a sphere. Argon gas ﬂowed vertically upward from the bottom to the top of the
furnace liner so that the appropriate dropping rate of the particles was obtained. An
inert, argon, gas was used to prevent the melted particles from interacting with any
oxygen and water in the atmosphere. The collection container was placed at the bottom
of the furnace liner to collect all the particles which arrive at the bottom of the furnace
liner. The particles were washed and collected from the container with the use of a
suitable solvent (isopropanol or methanol). The particles collected were a mixture of
microspheres and unformed particles. The last step of the microsphere production was
to separate the microspheres from these non-spherical particles, by separating those
particles which rolled down a shallow inclined plate from those that did not roll down.
The particles that are left on the inclined plate are assumed to be the particles which didChapter 3 Waveguide and microsphere fabrication and characterisation 82
not successfully form spheres. During the rolling process, an appropriated solvent was
applied on the inclined plate to make sure that microspheres could freely roll down. The
rolling process was carried out repeatedly (about ﬁve times) to ensure a good quality
of microsphere from this separation method. The microspheres from the ﬁnal round of
rolling down process, were collected and kept in a bottle immersed in methanol.
Figure 3.11: Apparatus for microsphere fabrication [13]
To form microspheres for laser measurements, 1.5-wt%-Nd2O3-doped BK7 glass was
crushed and sieved into micro-particles ranging from 32 µm to 112 µm, according to the
sizes of mesh sieves. In order to obtain Nd-doped BK7 microspheres, the furnace tem-
perature was set to 1250◦C. The temperature was set to above the melting temperature
of the glass in order to make sure that the surrounding temperature in the furnace liner
was suﬃcient for the sphere formation. The temperature was limited to 1250◦C to avoid
melting the quartz liner. An argon gas ﬂow of 1 litre/min was applied to maintain the
time in the hot zone and to slow the dropping rate of the particles.
The microspheres obtained were found to be between 60 µm to 200 µm in diameter.
Particles smaller than 60 µm were not heavy enough to successfully drop through the
furnace liner. It is proposed that microspheres with smaller sizes will be produced in
the opposite manner, where particles will be carried by the argon ﬂow to the top of the
furnace liner and microspheres will be collected at the top [13]. Larger microspheres than
expected were formed because, during the particle preparation process, unevenly shaped
particles were introduced. These unevenly shaped particles may include cigar-shape
particles with one dimension larger than the mesh size, these uneven shape particles
would form themselves into larger microspheres than expected.
Figure 3.12 shows the image of a 135±3 µm diameter microsphere obtained from this
process, using an optical microscope with a magniﬁcation of 20×. The image shows that
the microsphere is clearly spherical in shape and that the surface quality is very promis-
ing. To quantitatively assess the quality of the microsphere, the Q-factor measurementChapter 3 Waveguide and microsphere fabrication and characterisation 83
will be described in the next section.
Figure 3.12: Nd-doped BK7 microsphere image, (dropped through furnace)Chapter 3 Waveguide and microsphere fabrication and characterisation 84
3.4.3 Quality factor measurement
Microsphere quality is most directly assessed by Q-factor measurement and in this sec-
tion, Q-factor measurement of an in-house made microsphere fabricated on a glassy
carbon plate, an in-house made microsphere obtained from the dropping technique and
a commercial microsphere, are described. The Q-factor measurement of the microsphere
was achieved by evanescently coupling the light from an optical planar waveguide into
the microsphere and monitoring the scattered light from the microsphere as a function
of wavelength. The Q factor can be obtained by measuring the sharpness of the resonant
peaks obtained, as described in Section 2.5 in Chapter 2. Q-factor can be obtained from,
Q =
λ
δλFWHM
, (3.3)
where λ is the resonant wavelength, and δλFWHM is the width at full-width at half-
maximum power of the resonant lobe.
Light from a tunable source (Agilent 81600B), at a power of 8 dBm in the TM polari-
sation, was launched into the 4-µm-wide planar silver-sodium-ion exchanged waveguide,
coated with a Teﬂon layer of 400 nm thick (Section 3.2), via a polarisation maintaining
ﬁbre. The scattered light, as a function of wavelength, was monitored and recorded
by an InGaAs detector connected with a computer, as shown in Figure 3.13. A single
microsphere was placed onto the waveguide and the alignment was adjusted such that
the maximum scattered power was obtained.
Figure 3.13: Experimental apparatus for Q-factor measurement
First, Q-factor measurement of the commercial microsphere was carried out. Figure 3.14
shows the scattered power as a function of wavelength obtained from the commercial
Nd-doped BK7 microsphere with the size of 30±3 µm in diameter [14] when coupled to
the same waveguide. The δλFWHM of 0.38 nm was obtained at a wavelength near 1550
nm, hence a Q-factor of 4×103.
Secondly, Q-factor measurement of a microsphere that was fabricated on a carbon sub-
strate, as described in Section 3.4.1, was carried out. Figure 3.15 shows the scatteredChapter 3 Waveguide and microsphere fabrication and characterisation 85
Figure 3.14: Scattered power of the commercial microsphere on the waveguide, Q-
factor of 4×103 at λ = 1550 nm
power as a function of wavelength of a microsphere of about 80 µm in diameter that
was fabricated on a glassy carbon plate, when coupled with the evanescent ﬁeld of the
silver-sodium-ion exchanged waveguide coated with a 400 nm thick Teﬂon layer.
Figure 3.15: Scattered power of the in-house made microsphere as described in Sec-
tion 3.4.1 on the waveguide, Q-factor of 1×103 at λ = 1550 nm
Q-factor of 1×103, at a wavelength near 1550 nm, is obtained. The Q-factor obtained is
relatively small, this may be due to the fact that the ﬂattened surface of the microsphere
might be in the propagation path of WGM.Chapter 3 Waveguide and microsphere fabrication and characterisation 86
Lastly, an in-house made microsphere, formed using a dropping technique described in
Section 3.4.2, was characterised. Figure 3.16 shows the scattered power obtained from
the microsphere, that has a diameter of around 160 µm, as a function of wavelength
when coupled to the silver-sodium-ion exchanged waveguide coated with a 400 nm thick
Teﬂon layer. Q-factor of 6.2×104, at a wavelength near 1550 nm, was obtained, with
the corresponding δλFWHM of 0.025 nm.
Figure 3.16: Scattered power of the in-house made microsphere as described in Sec-
tion 3.4.2 on the waveguide, Q-factor of 6.2×104 at λ = 1550 nm
It has been found that the Q-factor measured from the in-house fabricated microsphere
using the dropping technique is found to have a larger value than the Q-factor measured
from the commercial microsphere.
It is to be emphasised that, as described in Section 2.4, losses due to the whispering-
gallery propagation [22] and material absorption, are negligible compared to loss due to
surface roughness, for a microsphere that has a diameter of more than 15 times larger
than the operating wavelength [23], for the current conﬁguration of the glass microsphere
in an air medium [24]. Thus, it can be concluded that, the higher value of Q-factor
obtained from the in-house fabricated microsphere, using a dropping technique, suggests
that the in-house fabricated microspheres using dropping technique have a better surface
quality than the commercial microspheres. These microspheres are chosen to be used
for further study.Chapter 3 Waveguide and microsphere fabrication and characterisation 87
3.5 Conclusions
Waveguides suitable for microsphere excitation have been successfully fabricated and
characterised. The single mode potassium-sodium-ion waveguide devices, for an oper-
ating wavelength of less than 1100 nm, were made by diﬀusing patterned BK7 glass
(that has mask widths of 3 µm to 12 µm as prepared by a photolithography process into
molten KNO3) and controlling the diﬀusion time to 4 hours at 400◦C. The silver-sodium-
ion exchanged waveguide has been fabricated to operate as single mode in the 1550 nm
region. The appropriate molten salt AgNO3:NaNO3:KNO3 of 0.5:49.75:49.75 mol% and
temperature of 350◦C have been chosen, and the diﬀusion time of 4 hours has been used
so that the silver-sodium-ion exchanged waveguide, that has a mask width of 4 µm,
can operate as single mode at wavelengths in the 1550 nm region. The modal proﬁle of
the light in the channel of the silver-sodium-ion exchanged waveguide has thereby been
found, and the values of physical width and depth of the waveguide have been found.
These values are useful in the theoretical comparisions with experiment for waveguide
modal calculation. The waveguide cut-oﬀ wavelengths for the potassium-sodium-ion
exchanged waveguides have been obtained.
Good surface quality microspheres have been fabricated. The microspheres obtained
from the carbon plate have been found to have good surface quality when compared
with the commercial microspheres. The microspheres have also been found to have
good spherical shapes with the value of the discrepancy of mean diameters among the
major axes of less then 5% of their average diameters. However, it has been found that
the microspheres of a larger diameter (of more than about 80 µm) have suﬀered from a
ﬂattened surface. It has been found that the amount of microspheres produced from this
technique is limited by the area of the carbon plate. An alternative way of fabricating
the microsphere has been developed by carefully preparing the glass micro-particles
and controlling the ﬂow rate of the argon gas to 1 liter/min, and the furnace operating
temperature to 1250◦C, microspheres ranging from 60 µm to 200 µm diameter have been
obtained. This method is a good technique to obtain a mass microsphere production
and it has also overcome the issue of the ﬂattened shape of the microspheres obtained
from the carbon plate. However, the gas ﬂow rate must be properly controlled to prevent
the small-size particles (nominal size of <50 µm) from ﬂoating upward the furnace liner
tube. The Q-factor measurements of the microspheres, on a silver-sodium-ion exchanged
channel waveguide coupling system, have been carried out. The high Q-factor measured
from the microspheres fabricated by the dropping technique conﬁrms that they have a
promising surface quality, Q-factor values as high as 6.2×104 have been obtained. Q-
factors of microspheres fabricated on the carbon plate have been found to be very low,
because the microsphere has a ﬂattened surface at the side in contact with the substrate
holder, preventing a strong WGM to occur. Q-factor measurement of commercially
available microspheres has been completed. The comparison of the Q-factor of these
microspheres against the value obtained from the commercial microspheres has beenChapter 3 Waveguide and microsphere fabrication and characterisation 88
done, the result indicates that the microspheres fabricated in-house have a better surface
quality. The improvement on surface quality of the microspheres fabricated in this
manner can be made with proper control of the inert gas ﬂow rate and the furnace
temperature.Chapter 3 Waveguide and microsphere fabrication and characterisation 89
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Experimental characterisation of
waveguide-coupled microspheres
4.1 Introduction
The aim of the work in this chapter is to measure waveguide-coupled WGM spectra,
determine Q-factors, assign the sphere mode numbers and conﬁrm agreement with the
model to determine microsphere diameter. The appropriate model will be applied to
identify sphere mode numbers and they will be assigned to the corresponding resonant
wavelengths in the experimental results, then the corresponding microsphere diameter
can be obtained accordingly. The experimental data will be analysed to conﬁrm that the
model is accurate such that the extraction of these useful parameters can be precisely
obtained. Q-factors, which are the values that measure the sharpness of the resonant
peaks, can be used to help quantify the eﬃciency of the light coupling from the waveguide
to the microsphere. The determination of the quality factor of a microsphere coupled
to a planar waveguide will be carried out with various types of microspheres including
sodalime, Nd-doped and Er-doped BK7 microspheres. The Nd-doped BK7 microspheres,
fabricated as described in Chapter 3, will also be characterised so that the comparison
with commercially available microspheres [1] can be made. The study of Q-factors of
a microsphere coupled waveguide as a function of microsphere location with respect to
the centre of the waveguide will be carried out. This study is useful to indicate trends
of Q as a function of microsphere location with respect to the centre of the waveguide.
Straightforward experiments for the observation of the change of the signal (that is pro-
portional to the light circulated in the microsphere on a planar waveguide) as a function
of wavelength will be carried out to visualise the behaviour of the scattered power of
a microsphere coupled to a waveguide as a function of wavelength. The microspheres
will be excited by evanescent ﬁelds from potassium-sodium-ion and silver-sodium-ion
exchanged waveguides, for which details of fabrication were discussed in Chapter 2. Ti-
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tanium:sapphire, Ti:Al2O3, and Agilent 81600B tunable lasers will be used as tunable
light sources so that the scattered light from the microsphere as a function of wave-
length can be observed. The titanium:sapphire laser is a solid-state laser medium that
has a broad range of tunability from 680 nm to 1025 nm, and it produces TEM00 out-
put proﬁle in TM polarisation. The tunability of the titanium:sapphire laser covers an
absorption wavelength region of Nd-doped microspheres (800 nm to 825 nm), thus, it is
selected because is a suitable pump source for the experimental work in Chapter 6 on
Nd-doped microsphere lasers. The experimental data will be compared to the theoretical
modelling, and the data is required to be accurate so that the comparison can be done
with minimal error. The Agilent 81600B tunable laser is selected for the experiments in
operating wavelength of the 1550 nm region, because it has a fast and accurate sweep
across the entire wavelength range from 1440 nm to 1640 nm, with a scan resolution of 1
pm. With automated wavelength tunability, the experiment allows measurements with
high wavelength resolution to be done quickly.
In Section 4.2, WGM propagation in microspheres will be observed. The experimental
apparatus employed for microsphere excitation from 750 nm to 830 nm will be shown
and the experimental results and observations will be discussed. The quality factors of
the microsphere will be obtained and the relative comparison of microsphere surfaces can
be done accordingly. Section 4.4 includes the experimental setup, method and results
on a microsphere coupled waveguide when the microsphere is translating across the
waveguide, the Q-factors as a function of the position of the microsphere with respect
to the waveguide centre will be obtained. Section 4.5 includes the method, approaches
and the discussion of the procedure employed to ﬁt the experimental data to the model.
Section 4.5 contains examples of the data ﬁtting method, which explain the results
obtained from Section 4.3 and Section 4.4.
4.2 Microsphere excitation at wavelengths between 750
nm and 830 nm
In this section, the experimental work on the observation of scattered light from micro-
spheres on a planar waveguide as a function of wavelength, at wavelength of 750 nm
to 830 nm, is discussed. A titanium:sapphire laser is used as a tunable light source so
that the tunability from 750 nm to 830 nm can be obtained. Section 4.2.1 includes the
experimental apparatus for measuring the scattered light from microspheres coupling
with a planar waveguide by imaging the illuminated microsphere with a CCD camera,
while the experimental apparatus and procedure of an alternative way of measuring the
scattered light from the microsphere by directly measuring the scattered power with a
silicon detector is described in Section 4.2.2. Results, including the derivation of quality
factor, Q, of the microsphere due to the coupling with the waveguide, will be discussed
at the end of the section.Chapter 4 Experimental characterisation of waveguide-coupled microspheres 93
4.2.1 Microsphere excitation in the 750 nm region
In this section, the measurements of the scattered light as a function of wavelength
from a 30±2 µm diameter sodalime microsphere [2] coupled with a potassium-sodium-
ion exchanged channel waveguide (that was fabricated in Section 3.2) are described.
Light collection is carried out by imaging the scattered intensity of the microsphere
using a microscope connected with a CCD camera, at each wavelength. In order to
obtain the relative power of the scattered power from the microsphere as a function of
wavelength, a straightforward image processing method is applied to the images. The
experimental apparatus and the image processing technique, of obtaining the net power
of the scattered light from the microsphere, are discussed as following.
4.2.1.1 Experimental apparatus
A 512-nm output beam from an argon-ion laser was directed to an input aperture of a
titanium:sapphire laser. The output beam of the titanium:sapphire laser was directed
to a mirror, and it was then reﬂected to the second and third mirror. The collimated
beam of about 2 mm in diameter at FWHM was focused onto the potassium-sodium-
ion exchanged channel waveguide, by the microscope objective lens of 10× magniﬁca-
tion, to allow light to travel along the waveguide path. The evanescent ﬁeld from the
potassium-sodium-ion exchanged waveguide is coupled into a sodalime microsphere [2]
which located on top of the waveguide channel, where the interactions are observed.
The tunable laser was tuned so that the scattered power as a function of wavelength
was obtained.
Figure 4.1: Experimental setup
The images of the scattered light of the microsphere were taken as function of wavelength,
as the laser wavelength was tuned. The exposure time of the CCD camera was set to
ensure that the CCD camera was not saturated over the complete wavelength range of the
experiment. To prevent the interference from the surrounding light, the experiment wasChapter 4 Experimental characterisation of waveguide-coupled microspheres 94
done in a dark environment. Wavelength measurements were performed by monitoring
the output spectrum from the through-port of the waveguide on an optical spectrum
analyser, OSA, see Figure 4.1. The following sections will describe the analysis technique
and the experimental results obtained from the setup described.
4.2.1.2 Analytical techniques
Light from a titanium:sapphire laser was end-ﬁre coupled into the waveguides, the wave-
length was recorded using an optical spectrum analyser, and each individual microsphere
was imaged on a CCD camera through a microscope. Images of the microsphere were
captured as the input wavelength was tuned from 745 nm to 765 nm, in order to ob-
serve their resonances. The power falling on the CCD, due to scattering and radiation,
was proportional to the circulating WGM power, and this was calculated by integrating
over the pixels in a rectangular area surrounding the microsphere and subtracting a
background signal taken from a similar area away from the microsphere; this was then
normalised to the output power of the laser.
The wavelength was manually tuned with a wavelength scan resolution of about 0.1
nm over the range of 745 nm to 765 nm, suﬃcient to observe four resonant peaks.
Photographs of the microsphere were taken at each wavelength. The scattered intensities
obtained in this chapter were proportional to the circulating intensities obtained in
Chapter 2.
Figure 4.2 shows an image of microspheres above a waveguide corresponding to a reso-
nant wavelength (753.97 nm). There are two microspheres located on the substrate; one
is on the centre of the waveguide and the other one is oﬀ centre of the waveguide. At
the resonant condition, the microsphere located on the waveguide has a higher intensity
than the microsphere located oﬀ the waveguide. This indicates that the microsphere
resonator on the waveguide is excited by the guided light from the waveguide.
Figure 4.2: Image description (λ = 753.97 nm)
Figure 4.3 shows 24 sample images with their corresponding wavelengths. It can be seen
from the ﬁgure that wavelengths that are supported by the resonator under the reso-
nant condition are 749.90 nm, 753.97 nm, 758.01 nm and 762.13 nm. These wavelengths
are deﬁned as resonant wavelengths. At the resonant wavelengths, the microsphere hasChapter 4 Experimental characterisation of waveguide-coupled microspheres 95
Figure 4.3: 24-sample image with 16 corresponding wavelengths:
749.70 nm, 749.80 nm, 749.90 nm, 749.96 nm,
751.35 nm, 753.86 nm, 753.97 nm, 754.04 nm,
755.24 nm, 757.93 nm, 758.01 nm, 758.50 nm,
759.92 nm, 762.06 nm, 762.13 nm, 762.24 nm.
a relatively higher intensity than at other wavelengths. Quantitative determination of
the microsphere power was performed by applying a straightforward method of image
processing. A signal, proportional to the intensity of the light circulating in the micro-
sphere, was calculated by integrating the power falling on each pixel over an area of
m × n pixels including the resonator. Each pixel has a speciﬁc power value, and the
integration of the power for all pixels within this area is considered as the signal that is
proportional to the scattered intensity of the microsphere, see Equation 4.1.
Pscattered ∝
m X
y=0
n X
x=0
P(x,y), (4.1)
where n, m are the numbers of pixels in the x, y direction respectively. P(x,y) is the
pixel power at (x,y).
Then the elimination of the background signal was done by subtracting it from the
scattered power for each wavelength, see Figure 4.4. The net power, Pnet, for each
wavelength was simply obtained from Equation 4.2.
Pnet(λ) = Pscattered(λ) − Pbackground(λ) (4.2)Chapter 4 Experimental characterisation of waveguide-coupled microspheres 96
Figure 4.4: Microsphere scattered and background power
4.2.1.3 Experimental results and discussion
An example of collected scattered power as a function of wavelength, Pnet(λ), is shown
in Figure 4.5. Each point of the plot in Figure 4.5 indicates the collected scattered
power (Pnet), which was calculated by using Equation 4.1 and Equation 4.2, at each
wavelength. The resonant wavelengths obtained from the experimental results were
749.90 nm, 753.97 nm, 758.01 nm and 762.13 nm.
Figure 4.5: Collected scattered power as a function of wavelength, Pnet(λ) (wave-
length resolution 0.1 nm)
From the experimental results shown in Figure 4.5, the resonant peaks separation (FSR)
is 4.107±0.013 nm and the width of the resonant lobe at full-width of half-maximum
(δλFWHM) is about 0.12 nm at the centre wavelength of around 762 nm. The value of
δλFWHM can be used to determine the quality factor of the resonant peaks, where Q can
be obtained by dividing the resonant wavelength with δλFWHM, the relation is shown as
following,Chapter 4 Experimental characterisation of waveguide-coupled microspheres 97
Q =
λ
δλFWHM
. (4.3)
At the resonant wavelength of 754.00 nm, the quality factor is found to have a value
about 6×103. It is to be noted that this value of Q is a worst-case value due to the large
data point spacing. The information obtained from the experimental data can be used
to determine the optical path length of the WGM and consequently the actual size of
the microsphere can be obtained. The detail will be given in Section 4.5.
4.2.2 Microsphere excitation in the 800 nm region
In this section, the scattered power from a commercial 1.5-wt% Nd2O3-doped BK7
microsphere (D = 30±3 µm, ns ∼ 1.50 @ 800 nm) [1] coupled to a potassium-sodium-
ion exchanged planar waveguide is detected and recorded with a silicon detector as a
function of wavelength. Net scattered powers as a function of wavelength are obtained.
The experimental apparatus, results and discussion are shown as follows.
4.2.2.1 Experimental apparatus
Figure 4.6: Experimental apparatus: Scattered light collecting with silicon detector
A 532-nm output beam from the diode-pump laser of 6 Watts was launched into the
input aperture of the Ti:sapphire laser. The output, in TM polarisation, from the
titanium:sapphire laser was 8% tapped to the optical spectrum analyser for wavelength
monitoring. The remaining light was split by a 50:50 beam splitter, where 50% of the
light was focused into a polarisation maintaining ﬁbre and launched into the waveguide
input end via a 10× microscope objective lens, and the rest of the light was launched into
the power meter for real time power monitoring of the input power prior to the objective
lens, see Figure 4.6. A Nd-doped microsphere was placed ontop of the potassium-sodium-
ion exchanged waveguide. The scattered light was collected and recorded as a function
of wavelength via the silicon detector as the input wavelength was tuned. The detector
was connected to the microscope, so that the position of the microsphere was monitored.Chapter 4 Experimental characterisation of waveguide-coupled microspheres 98
4.2.2.2 Experimental results and discussion
Figure 4.7 shows the experimental results obtained from the Nd-doped BK7 microsphere.
There are “strong” and “weak” resonant peaks shown in the results, where the FSR of
the two families are 4.65±0.05 nm and 4.75±0.08 nm, respectively, as expected for the
microsphere of about 30 µm diameter at the centre wavelength of around 818 nm. Q
values of the two family peaks are found to be about 1.5×103 and 1×103, respectively,
with the corresponding lobe widths at half maximum of 0.52 and 0.80 nm, respectively.
The discussion and explanation on the occurrence of each family of peaks and the modal
assignment will be given in Section 4.5.
Figure 4.7: Experimental results: Nd-doped BK7 microsphere on uncoated-waveguide
(wavelength resolution 0.1 nm)
The experiment was done in a dark environment to exclude the background noise, how-
ever, the background level which is shown in Figure 4.7 might occur due to the light
from instruments. To prevent this from happening instruments should be covered with
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4.3 Characterisation of commercial and in-house made Nd-
doped BK7 microspheres
The aim of the experimental work in this section is to characterise the commercial
Nd-doped BK7 microspheres and the in-house made Nd-doped BK7 microspheres ob-
tained from the dropping technique, as described in Section 3.4.2. These in-house made
microspheres will be used for microsphere laser experiments that will be described in
Chapter 6. In this section, the comparison of the characteristics of the commercial and
the in-house made Nd-doped microspheres will be explored. At the beginning of the
section, commercial Nd-doped BK7 microsphere of 30±3 µm in diameter [1] will be
characterised and the explanation of the results will be included, while the results from
the experiment on an in-house made Nd-doped BK7 microsphere, with nominal diam-
eter 200 µm, will be obtained at the latter part of the section. The discussion on the
comparison of these results will be given at the end of the section. A silver-sodium-ion
exchanged waveguide, which operates single mode at 1550 nm will be used to evanes-
cently excite the microsphere. The experiments are carried out with a tunable Agilent
81600B laser, so the automatic sweep with ﬁne resolution of tunability in the 1550 nm
region can be obtained. The accurate data is obtained for sphere mode assignment, and
the comparison of the experimental data will be described in Section 4.5.
4.3.1 Experimental apparatus
Figure 4.8: Experimental apparatus: Agilent 81600B tunable laser
Laser light (linewidth of 100kHz), in the TM polarisation, was focused into a polarisation
maintaining ﬁbre and coupled into the waveguide by butt-coupling. A microscope with
CCD camera was used to monitor the position of the microsphere and a microscope
connected InGaAs detector was used to measure and record the light scattered from
the microsphere. The position of the microsphere was optimised by translating it across
the waveguide and maximising the scattered power detected on resonance. The tuning
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was limited by surface roughness and therefore the power scattered from the microsphere
was presumed to be proportional to the circulating power for a given mode. Both the
power scattered and the power emerging from the waveguide were recorded as a function
of laser wavelength.
4.3.2 Experimental results and discussion
Figure 4.9 shows the scattered power collected from a 30 µm diameter microsphere
through the microscope by the InGaAs detector as a function of wavelength. The ex-
perimental data show both high amplitude strong resonance and a family of weak res-
onances. The FSR of these two families are 17.380±0.005 nm and 18.138±0.002 nm at
the centre wavelength respectively.
Figure 4.9: Experimental results: 30 µm Nd-doped BK7 microsphere on an uncoated-
waveguide, 1550 nm laser source (wavelength resolution 10 pm)
In order to study the excitation of higher-order radial modes, larger microspheres were
studied as, for the present geometry, the larger diameter leads to a larger circulating
power in each mode due to the increased coupling factor, as shown in the coupling
factor equation in Chapter 2, primarily due to the longer eﬀective coupling region. Nd-
doped BK7 microspheres that have nominal diameters of 200 µm, made by the dropping
through a furnace technique described in Chapter 3, are used in this section.
Figure 4.10 shows the experimental results obtained for scattered WGM power vs wave-
length for an in-house made microsphere with a nominal diameter of 200 µm, obtainedChapter 4 Experimental characterisation of waveguide-coupled microspheres 101
Figure 4.10: Experimental results: 200 µm Nd-doped BK7 microsphere on a 460
nm-Teﬂon-coated waveguide, 1550 nm laser source (wavelength resolution 10 pm)
in the same way as the spectra in Figure 4.25. The experimental data show the evidence
of three families of resonances. This is because, in the larger microspheres, the higher
κ were found for high order modes, thus, the high order modes were excited. The free
spectral range of the strongest (n = 1) family of peaks is found to be 2.655±0.003 nm at
the centre wavelength, and these modes showed Q-factors of 2.3×104. Two other fami-
lies of peaks are observed, and the FSR of the second and third families are 2.671±0.001
nm and 2.70±0.01 nm at the centre wavelengths, respectively. The detailed discussion
of mode assignment for these sets of data will be given in Section 4.5.Chapter 4 Experimental characterisation of waveguide-coupled microspheres 102
4.4 Measurement of Q-factor as a function of vertical and
lateral displacement of an in-house made Er-doped
BK7 microsphere
The experimental apparatus in this section is set up so that the measurement to conﬁrm
how the Q-factor of the scattered light from a microsphere coupled waveguide relates
to the separation displacement or the position of the microsphere with respect to the
waveguide centre can be obtained. An Agilent 81600B tunable laser source which pro-
vides a narrow linewidth is used, because the data comparison (made in Section 4.5),
and the results must be suﬃciently precise so that the information extracted from the
model can be accurate. This section includes experimental data sets obtained by Dr.
Senthil Ganapathy. The experimental setup and procedures on the variation of vertical
and lateral positions of the Er-doped BK7 microsphere to the waveguide centre will be
shown. An Er-doped BK7 microsphere of 130 µm in diameter (with ±2 µm tolerance),
that was fabricated based on the method described in Section 3.4.1, will be used. Var-
ious thicknesses of Teﬂon layer (nTeﬂon∼1.29), ranging from 70 nm to 740 nm (± 5%),
were evaporated onto the silver-sodium-ion exchanged waveguide substrate across the
channels of the waveguides, as a buﬀer layer to separate the microsphere from the waveg-
uide surface in the vertical direction. The explanation of experiments on measuring the
scattered light as a function of wavelength, at various lateral displacements with respect
to the centre of the waveguide, will be given. The section will include the results on
the quality factors of the microsphere at various separations in both vertical and lateral
displacements with respect to the centre of the waveguide.
4.4.1 Experimental apparatus
Light, in the TM polarisation, from an Agilent tunable laser source was launched into
polarisation maintaining ﬁbre, so that it was butt-coupled to the waveguide input facet.
Light propagated along the waveguide channel, and the evanescent light was coupled
into the microsphere which was positioned on the waveguide surface. The separating
distance in the vertical direction was controlled by the thickness of Teﬂon, DTeﬂon, and
the separating distance in the lateral direction, Dlateral, was manually varied with a
precision nano-translation stage. The microsphere was monitored with two microscopes
connected to CCD cameras which were setup in the vertical and lateral orientations,
see Figure 4.11, so that the position of the microsphere in both orientations could be
conﬁrmed. The microsphere was attached to the ﬁbre tip such that the ﬂattened area
was in contact with the ﬁbre tip, so that the path of WGM propagation could be
controlled to avoid propagating along the ﬂattened area. The microsphere on the ﬁbre
stem attachment was also useful such that an identical microsphere was used throughout
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translating it vertically upward from the waveguide surface, and to maintain the same
condition of the cavity loss due to the roughness and non-sphericity of the microsphere.
The scattered light from the microsphere was detected by an InGaAs detector and
recorded as a function of wavelength. Q as a function of position of the microsphere was
extracted from the spectra.
Figure 4.11: Experimental apparatus for Q measurement of the microsphere when it
was translated in various positions in vertical and lateral displacements with respect to
the waveguide centre
4.4.2 Experimental results and discussion
The measurement of the scattered light of the microsphere, when it was located at the
centre of the waveguide, as a function of vertical displacement from the waveguide surface
was carried out. The vertical direction is deﬁned as the direction along the perpendicular
plane (xy-plane) with respect to the waveguide surface, and the lateral displacement is
the direction which is parallel to the waveguide surface across the waveguide channels
(y-axis). The variation of the position of the microsphere in a vertical direction was
controlled by the corresponding thickness of Teﬂon on the waveguide surface, DTeﬂon.
Figure 4.12 shows plots in linear scale of the scattered light from λ = 1440 − 1640 nm
of the microsphere as a function of vertical displacement from the waveguide surface.
The ﬁgure shows overall variation of the scattered WGM amplitude as a function of
sphere/waveguide separation. The featured characteristics of the spectra in detail from
λ = 1540 − 1560 nm are displayed in a log scale. Figure 4.13 and Figure 4.14 show the
plots in log scale of the scattered power as a function of the Teﬂon thickness, when the
microsphere was located at centre and 6 µm away to the right-hand side from the centre
of the waveguide (y = +6 µm), respectively. The values of width of the resonant lobes
at full-width of half-maximum, δλFWHM, as a function of Teﬂon thickness at λ = 1550
nm are determined and shown in Table 4.1. The ﬁrst column shows the values of the
δλFWHM of the resonant peaks when the microsphere was located at the centre of the
waveguide, while in the second column, the values of δλFWHM, that correspond to the
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waveguide, are shown. At the Teﬂon thicknesses of more than 740 nm, no interaction
was observed, this might be due to the fact that the microsphere was located further
away from the waveguide surface where there was no interaction taking place.
Figure 4.12: Scattered power of microsphere in linear scale as a function of Teﬂon
thickness in the vertical displacement (microsphere located at the centre of the waveg-
uide), λ = 1440 − 1640 nm (wavelength resolution 10 pm)
Q’s are obtained from the δλFWHM shown in Table 4.1, plots of Q’s from the scattered
light of the microsphere located at the centre of the waveguide with a variation in the
Teﬂon thickness from 0 nm to 740 nm, are shown in Figure 4.15. Q increases as the
separation in the vertical direction of the microsphere with respect to the waveguide in-
creases, as expected, because the coupling eﬃciency at the smaller separation is strongerChapter 4 Experimental characterisation of waveguide-coupled microspheres 105
Figure 4.13: Scattered power of microsphere as a function of Teﬂon thickness in
the vertical displacement (microsphere located at the centre of the waveguide), λ =
1540 − 1560 nm (wavelength resolution 10 pm)Chapter 4 Experimental characterisation of waveguide-coupled microspheres 106
Figure 4.14: Scattered power of microsphere as a function of Teﬂon thickness in
the vertical displacement (microsphere located at 6 µm away from the centre of the
waveguide), λ = 1540 − 1560 nm (wavelength resolution 10 pm)Chapter 4 Experimental characterisation of waveguide-coupled microspheres 107
δλFWHM (nm) δλFWHM (nm)
Teﬂon thickness (nm) Microsphere located at Microsphere located at
centre of waveguide 6 µm away from waveguide
0 0.617 0.155
70 0.602 0.160
120 0.600 0.140
160 0.560 0.130
220 0.520 0.118
330 0.460 0.100
460 0.426 0.092
740 0.350 0.076
Table 4.1: Width of the resonant lobe at full-width of half-maximum power, δλFWHM,
as a function of Teﬂon thickness, at vertical separation of 330 nm, at λ = 1550 nm
compared to the larger separation. Figure 4.16 shows plots of Q as a function of DTeﬂon
of the scattered light from the microsphere located 6 µm away from centre of the waveg-
uide. Q values obtained from Figure 4.15 are, respectively, smaller than the values
found in the case where the microsphere was located at 6 µm away from the centre of
the waveguide, because the microsphere couples more eﬃciently to the waveguide when
it is located at the centre of the waveguide.
Figure 4.15: Q: Microsphere located at centre of waveguide as a function of Teﬂon
thickness (in vertical variation), at λ = 1550 nmChapter 4 Experimental characterisation of waveguide-coupled microspheres 108
Figure 4.16: Q: Microsphere located 6 µm away from centre of waveguide as a function
of Teﬂon thickness (in vertical variation), at λ = 1550 nmChapter 4 Experimental characterisation of waveguide-coupled microspheres 109
In this section, microsphere WGM excitation as a function of lateral position is also
characterised. The microsphere was precisely translated across the waveguide surface
laterally for each diﬀerent layer of the Teﬂon thickness, so that measurement of the
scattered light as a function of lateral displacement of the microsphere with respect to
the centre of the waveguide as a function of Teﬂon thickness, was obtained. The mea-
surement was done with the same microsphere, which is the Er-doped BK7 microsphere
on the ﬁbre tip previously used in the vertical displacement measurement. Figure 4.17
shows the plot of the scattered light measured from the microsphere that was placed at
220 nm vertically away from waveguide surface as function of lateral displacement from
-10 µm to 10 µm with respect to the centre of the waveguide (LHS to RHS). Figure 4.17,
Figure 4.18 and Figure 4.19 show similar plots of the scattered light as a function of
lateral displacement of the microsphere with respect to the waveguide centre, when the
microsphere was located at 220 nm, 460 nm and 740 nm away from the waveguide surface
respectively.
Table 4.2 shows the values of resonant width at half-maximum power, δλFWHM, of the
scattered powers measured from the microsphere which was located at 220 nm, 460
nm, and 740 nm vertically away from the waveguide surface as a function of the lateral
displacement from -10 µm to 10 µm from the centre of the waveguide. The values
of δλFWHM are used to obtained the corresponding Q-factors, where the plots of Q-
factor as a function of lateral displacement, at diﬀerent Teﬂon thicknesses, are shown in
Figure 4.20.
Teﬂon thickness (nm) Width of the resonant lobe at FWHM, δλFWHM (nm)
Lateral displacement from waveguide centre (µm)
LHS RHS
-10 -6 -2 0 +2 +6 +10
220 0.29 0.39 0.52 0.60 0.49 0.16 0.08
460 0.19 0.28 0.40 0.46 0.40 0.12 0.07
Lateral displacement from waveguide centre (µm)
LHS RHS
-8 -6 -2 0 +2 +6 +8
740 0.13 0.16 0.26 0.32 0.24 0.11 0.08
Table 4.2: Width of the resonant lobe at full-width of half-maximum power, δλFWHM,
in lateral direction as a function of Teﬂon thickness, at λ = 1550 nm
It can be seen from Table 4.2 that, for the variation in lateral direction, as the separation
of the microsphere from waveguide centre gets larger, the values of the width of the
resonant lobe at half-maximum power are found to be smaller. Thus, for the microsphere
located at the centre of the waveguide, Q-factors are found to be minimum and Q-factors
increase as the separation in the lateral direction of the microsphere and waveguide are
larger as shown in Figure 4.20. This is because as the separation gets larger, coupling
eﬃciency of the microsphere to the waveguide is smaller, hence a higher Q-factor isChapter 4 Experimental characterisation of waveguide-coupled microspheres 110
Figure 4.17: Scattered power of microsphere as a function of lateral displacement
(microsphere located at 220 nm away from the waveguide), λ = 1540−1560 nm (wave-
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Figure 4.18: Scattered power of microsphere as a function of lateral displacement
(microsphere located at 460 nm away from the waveguide), λ = 1540−1560 nm (wave-
length resolution 10 pm)Chapter 4 Experimental characterisation of waveguide-coupled microspheres 112
Figure 4.19: Scattered power of microsphere as a function of lateral displacement
(microsphere located at 740 nm away from the waveguide), λ = 1540−1560 nm (wave-
length resolution 10 pm)Chapter 4 Experimental characterisation of waveguide-coupled microspheres 113
Figure 4.20: Q: Microsphere located at 220 nm, 460 nm, 740 nm away from waveguide
surface in vertical direction, as a function of lateral displacement from -10 µm to +10
µm from centre of waveguide, at λ = 1550 nm
obtained. It can be seen as shown in Figure 4.20 that the Q-factors are not the same
in the left and right hand side, this is probably because the WGM propagation in the
microsphere was disrupted with the ﬂattened area of the microsphere, or the ﬁbre stem,
as the microsphere attached to the ﬁbre-stem was translated across the waveguide to
the left, thus, Q values with respect to the microsphere position on the left-hand-side
to the waveguide centre were found to be smaller than the ones on the right-hand-side.
Figure 4.20 shows that Q-factors at 220 nm separation are smaller than the case of
460 nm and 740 nm separations, respectively, as expected. The section on theoretical
modelling to extract the microsphere diameter and mode assignment for these sets of
data will be included in Section 4.5.Chapter 4 Experimental characterisation of waveguide-coupled microspheres 114
4.5 Theoretical modelling for ﬁtting experimental data and
sphere mode assignment
In this section, the procedure for ﬁtting the width of the resonant peaks from the ex-
perimental data to the Lorenzian relation [3] and mode assignment to the experimental
results obtained from the previous section, are discussed. The determination of the
resonant wavelength for each mode can be obtained with the use of the characteristic
equation, Equation 2.4, that relates the wavelengths to the sphere mode numbers, and
microsphere diameter [4]. The ﬁtting procedure is presented in Section 4.5.1 and exam-
ples for illustrating the ﬁtting procedure are given in Section 4.5.2. The amplitude and
width of the resonant peaks, δλ, are related to total loss in the cavity, α, and coupling
factor, κ. Information such as microsphere diameter, D, circulation loss factor, α, and
coupling factor, κ, will be extracted by the ﬁtting process from the free spectral range,
FSR, that can be determined from the experimental data.
4.5.1 Algorithm
Precise assignment of mode numbers to the experimental data and extraction of the
physical diameter of the microsphere from these data requires matching theoretically
predicted resonant wavelengths with all the experimentally measured resonances, using
the characteristic equation, Equation 2.4. Each solution of the characteristic equation
yields the ﬁeld distribution of a WGM. l is the azimuthal mode number and is equal
to the number of wavelengths taken to travel around the microsphere for a particular
resonance. For a particular value of sphere mode number l for a particular sphere radius
and index, there are many solutions of the characteristic equation. These solutions
correspond to a diﬀerent radial mode numbers n. The sphere mode numbers m (m is
the polar mode number) are degenerate and they have the same value of l and n. For
a perfect sphere m = l. The fundamental has m = l and n = 1. Depending on the
coupling between the sphere cavity and the waveguide, several n modes may be excited.
Figure 4.21 shows example plots of the ﬁeld distributions of the fundamental (l = 83,
n = 1) and the second order (l = 77, n = 2) modes as a function of radial position, for a
microsphere that has a refractive index of 1.50 and a diameter of 30 µm. These solutions
exist at wavelengths of λ83,1 = 1551 nm and λ77,2 = 1549 nm, respectively. The ﬁeld
distributions shown in Figure 4.21 are normalised so that equal power is carried in both
whispering gallery modes.Chapter 4 Experimental characterisation of waveguide-coupled microspheres 115
Figure 4.21: WGM radial ﬁeld distributions for the 30 µm diameter microsphereChapter 4 Experimental characterisation of waveguide-coupled microspheres 116
The refractive index of the BK7 microspheres obtained using the Schott datasheets and
the Sellmeier equation [5] and is shown in Figure 4.22.
Figure 4.22: Refractive index of BK7 as a function of wavelength
Starting with this refractive index, the resonant wavelengths corresponding to zeroes
of the characteristic equation for speciﬁc mode numbers l, are found for radial mode
numbers at wavelengths between 1520 nm and 1610 nm. The microsphere diameter
is then adjusted until the best agreement between the experimental and theoretical
resonant wavelengths is achieved.
The justiﬁcations for assigning the sphere mode numbers n = 1 and n = 2, respectively,
to the “strong” and “weak” families of peaks are determined as the following. In an
experiment limited by surface roughness, the measured scattered power will depend
upon the circulating power in the mode and upon the scattering eﬃciency from that
mode which, in turn, depends upon the surface intensity of that mode for a given
modal power. The solutions to the characteristic equation can be used to calculate
the intensity distribution in the microsphere for a given modal power, as shown in
Chapter 2, and it is found that the surface intensity for the (l,n) = (83,1) mode is 60%
of that for the (l,n) = (77,2) mode, so that the fundamental mode would be expected
to scatter less, for equal modal power. However, for the expected values of κ, which
are 0.044 for the fundamental and 0.014 for the n = 2 mode (see Figure 4.23), it can
be concluded from Figure 4.24 that for the low circulation loss factors observed here
(α ≤0.93), the circulating power increases rapidly with coupling factor, κ, and so will be
much higher in the fundamental mode than in the second-order mode. This will result
in the highest scattered power for the fundamental mode despite the lower normalisedChapter 4 Experimental characterisation of waveguide-coupled microspheres 117
surface intensity for this mode, justifying the assumption that the mode exhibiting the
strongest scattering is the fundamental mode.
Figure 4.23: Coupling factor vs separation for the 30 µm diameter microsphere
The scattered power as a function of wavelength, from the results obtained in the pre-
vious section, can be ﬁtted to the circulating power, that is obtained from the relation
described below [3],
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where α is the circulation loss factor, κ is the coupling factor, ϕt is a phase oﬀset due to
coupling to the waveguide and ϕ is the circulation phase shift, which can be described
with,
ϕ =
2π2neﬀD
λ
, (4.5)
where neﬀ is the eﬀective index of a mode and D is the microsphere diameter.
The free spectral range for each radial mode is determined from the experimental data.
The FSR is related to the eﬀective index of a mode by,
FSR =
λ2
πneﬀD
. (4.6)
The FSR is used with ϕ =
2π2neﬀD
λ to determine the circulation phase shift, ϕ. The
optical path length for each radial mode, OPL, can be obtained with a straightforwardChapter 4 Experimental characterisation of waveguide-coupled microspheres 118
relation to the corresponding neﬀ values for each radial mode, as seen in the relation
below,
OPL = πneﬀD. (4.7)
In order to match the width of the resonant lobe in the theoretical model to the experi-
mental data, the coupling factor, κ, and the circulation loss factor, α, are then adjusted
so that the widths are well matched. If is is assumed that the coupling factors, κ, may
be calculated using Equation 2.20 described in Chapter 2, the width of the resonant
peaks are determined by α.
Figure 4.24 shows a plot of circulating power as a function of coupling factor, κ, for
several circulating loss factors, α. It can be seen that, for low coupling factors, the
circulating power is increasing as κ gets larger, whereas at the larger values of κ the
value of circulating power is decreasing. The power circulating in the microsphere in
each mode at its resonance is dependent upon the coupling factor and the circulation loss
factor, α. As shown in Figure 4.24, for α = 0.9946, the circulating power is maximum
at κ∼0.1, which corresponds to κc =

1 − |α|21/2 from Equation 4.4. This corresponds
to critical coupling where the lost power per round trip is equal to the coupled power.
For κ < κc, the microsphere is undercoupled and the circulating power increases with
coupling factor. The opposite behaviour is observed in the overcoupled case where
κ > κc.
Figure 4.24: Circulating power vs coupling factorChapter 4 Experimental characterisation of waveguide-coupled microspheres 119
4.5.2 Examples of ﬁtting experimental data and mode assignment
In this section, three sets of examples will be included to illustrate the data ﬁtting and
mode assignment procedures. The detailed explanation of the graph ﬁtting and mode
assigning on the experimental results obtained from the commercial Nd-doped BK7 mi-
crospheres of 30±3 µm in diameter [1], the in-house made Nd-doped BK7 microspheres
with the nominal size of 200 µm diameter, and the in-house made Er-doped BK7 mi-
crospheres of 130 µm diameter, will be discussed. These sets of data are chosen because
the results have small wavelength scan resolutions of 5 pm, which has a minimum of
inaccuracy during the measurement process. The commercial Nd-doped BK7 micro-
sphere exhibits two family peaks, while the data obtained from the larger microsphere
(internally made in-house) show strong evidence of the three families of resonant peaks.
The sphere mode numbers will be assigned to each of these family of peaks. At the end
of the section, the comparison of the surface quality of these microspheres will be made.
4.5.2.1 30 µm diameter Nd-doped BK7 microsphere
Figure 4.25 shows the scattered power collected through the microscope by the InGaAs
detector as a function of wavelength, with ﬁtted theoretical curves for circulating power,
for the case of the 30 µm diameter BK7 microsphere.
Figure 4.25: Resonance spectrum of the commercial Nd-doped BK7 microsphere of
30±3 µm in diameter [6]Chapter 4 Experimental characterisation of waveguide-coupled microspheres 120
The experimental data show high amplitude “strong” resonances with a free spectral
range of 17.380±0.005 nm at the centre wavelength and a family of “weak” resonances
with a free spectral range of 18.138±0.002 nm at the centre wavelength (λ ≈ 1565 nm).
Assigning the major peaks to fundamental WGMs with n = 1 yields azimuthal WGM
numbers ranging from l = m = 87, for the resonance with the shortest wavelength
shown in Figure 4.25, to l = m = 83 for the longest wavelength resonance. Similarly,
assigning the weaker peaks to the higher order radial mode, n = 2, yields azimuthal
mode numbers ranging from 80 to 76. The values of physical diameter of the microsphere
that provides the best match for all wavelengths for the two families of modes are ns
=1.5004 and D = 30.774±0.014 µm. The full set of measured and theoretically predicted
resonant wavelengths and assigned mode numbers, l and n, are shown in Table 4.3, with
the deviation between the experimental and theoretically ﬁtted values, ∆λres. The
estimated tolerance on the deduced diameter of the microsphere reﬂects the range of
modelled diameters required to ﬁt each resonance, in turn.
Experimental results Theoretical ﬁt
λres (nm) FSR (nm) Sphere mode numbers, (l,n) λres (nm) ∆λres (nm)
TM polarisation
1522.55 16.622 (87,1) 1522.50 0.05
1539.35 17.997 (86,1) 1539.00 0.35
1556.55 17.380 (85,1) 1556.55 0.00
1574.10 17.772 (84,1) 1573.50 0.60
1592.10 18.174 (83,1) 1591.50 0.60
1535.75 17.308 (80,2) 1535.80 0.05
1553.25 17.718 (79,2) 1553.35 0.10
1571.20 18.138 (78,2) 1571.15 0.05
1589.50 18.568 (77,2) 1589.35 0.15
1608.35 19.010 (76,2) 1608.00 0.35
Table 4.3: Experimental and theoretical resonant wavelengths and assigned mode
numbers (l,n), D = 30.774±0.014 µm
The theoretical curves in Figure 4.25 are plots of Equation 4.4 ﬁtted to the experimental
data separately for the n = 1 and n = 2 modes, as follows. The experimental data has
been normalised so that the magnitudes of the resonances of the fundamental modes
match the theoretical results. The main peaks are found to exhibit a Q-factor of 4×103
and a circulation loss factor of α = 0.93, using the calculated coupling factor of 0.044
obtained from coupling factor equation in Chapter 2 in Figure 4.26. The theoretical plot
for the second-order (n = 2) mode, using the same circulation loss factor and a calculated
coupling factor of 0.014 show resonance magnitudes relative to the fundamental (n = 1)
mode which are well matched with the experimental data. The ﬂuctuating background
is probably due to non-resonant scattering of light from the laser source. The attempt to
match the weaker family of peaks to TE excitation was done with no success, conﬁrming
that this family was not due to spurious TE excitation.Chapter 4 Experimental characterisation of waveguide-coupled microspheres 121
Figure 4.26: Coupling factor vs separation at λ = 1550±1 nm, D = 30.774±0.014
µm microsphere
Good agreement between experimental and theoretical resonant wavelengths is achieved,
so that mode numbers and microsphere diameter and index may be deduced with conﬁ-
dence, and the diameter is found to be within the manufacturer’s tolerance of 30±3 µm.
The relative magnitudes of the resonances for the fundamental and second order families
of radial modes give conﬁdence in the theoretical estimation of coupling factors, and the
spectral widths of the resonances allow the deduction of the circulation loss factor for
the fundamental mode. The eﬀective refractive index neﬀ for each mode can be obtained
by using Equation 4.6 using the value of FSR found from the experimental data. The
neﬀ of the fundamental and the second order radial modes around a wavelength of 1550
nm are found to be 1.441 and 1.407 respectively. This is in line with the fact that the
(l,n) = (83,1) mode is more conﬁned inside the microsphere than the (l,n) = (77,2)
mode. The corresponding optical path lengths for each of the modes are 139.315±0.063
µm and 136.028±0.062 µm, respectively, where the circumference of the microsphere is
found to have the value of 145.058±0.066 µm. The OPL of each radial mode is found to
be smaller than the circumference of the microsphere times its refractive index, as ex-
pected. The loss factor of 0.93 is rather low for microspheres, representing a round-trip
loss of 0.63 dB, and leading to a Q-factor of only 4×103.
4.5.2.2 200 µm diameter Nd-doped BK7 microsphere
The same ﬁtting procedures were carried out for the three families of modes (n = 1,2,3)
in the data for an in-house Nd-doped BK7 microsphere with the nominal diameter of
200 µm, as for the 30 µm diameter microsphere.Chapter 4 Experimental characterisation of waveguide-coupled microspheres 122
Figure 4.27: Resonance spectrum of in-house made Nd-doped BK7 microsphere with
the nominal size of 200 µm in diameter [6]
The experimentally observed resonant wavelengths were ﬁtted to the characteristic equa-
tion and mode numbers l and n were assigned to each resonant wavelength, as before,
by adjusting the microsphere diameter. Table 4.4 shows the full set of experimental
and theoretical resonant wavelengths for the fundamental, second and third order radial
modes (n = 1,2,3), for the best-ﬁt values of D = 198.62±0.06 µm and ns = 1.5006.
The discrepancies between the theoretical and the experimental resonant wavelengths
are less than 0.5 nm for all modes. Sphere mode numbers (l,n) of (590,1) to (585,1) are
assigned to the major peaks, corresponding to fundamental radial WGMs. The sphere
mode numbers of (578,2) to (573,2) and (568,3) to (563,3) are assigned to the second
and third order radial WGMs.
The coupling factors calculated for a microsphere of diameter 198.62±0.06 µm separated
from the waveguide by a 400 nm Teﬂon ﬁlm are calculated to be κ = 0.0935, κ = 0.0473,
and κ = 0.0274, for the n = 1,2,3 modes (see Figure 4.28), respectively, so that, as
before, the n = 1 mode is expected to show the strongest peaks, and the n = 2 and
n = 3 modes are expected to show correspondingly lower scattered power. The ﬁeld
distributions of the ﬁeld in radial dependence are shown in Figure 4.29. The surface
intensity of the ﬁrst order mode is at 70% of the second order mode, but the coupling
factor values suggest, as similarly described in the previous section for the microsphere
of 30 µm diameter case, that the scattered power of n = 1 is larger than n = 2. TheChapter 4 Experimental characterisation of waveguide-coupled microspheres 123
Experimental results Theoretical ﬁt
λres (nm) FSR (nm) Sphere mode numbers, (l,n) λres (nm) ∆λres (nm)
TM polarisation
1546.09 2.623 (590,1) 1546.20 0.11
1548.71 2.634 (589,1) 1548.80 0.09
1551.37 2.645 (588,1) 1551.38 0.01
1553.99 2.655 (587,1) 1553.99 0.00
1556.66 2.667 (586,1) 1556.66 0.00
1559.34 2.678 (585,1) 1559.21 0.13
1547.20 2.643 (578,2) 1547.00 0.20
1549.84 2.652 (577,2) 1549.58 0.26
1552.50 2.662 (576,2) 1552.20 0.30
1555.17 2.671 (575,2) 1554.80 0.37
1557.84 2.681 (574,2) 1557.40 0.44
1560.53 2.690 (573,2) 1560.20 0.33
1547.69 2.683 (568,3) 1548.18 0.49
1550.33 2.688 (567,3) 1550.70 0.37
1553.06 2.695 (566,3) 1553.35 0.29
1555.74 2.700 (565,3) 1555.99 0.25
1558.44 2.707 (564,3) 1558.53 0.09
1561.16 2.713 (563,3) 1561.28 0.12
Table 4.4: Experimental and theoretical resonant wavelengths and assigned mode
numbers (l,n), D = 198.62±0.06 µm
surface intensity of n = 3 is the smallest, corresponding to the weakest family of peaks.
Fitting the transfer function obtained in Yariv et al. [3] (see Equation 4.4) to the
fundamental family of resonances results in a circulation loss factor of 0.90, and the
relative magnitudes of the theoretically calculated circulating powers for this value of
α and the calculated values of κ are in good agreement with the experimental results.
A circulation loss factor of 0.90 corresponds to a round-trip loss of 0.87 dB, a Q of
2.3×104 is obtained. Q is higher than for the smaller microspheres because the larger
microsphere has more stored energy at resonance and the relation of Q and α can be
found by Q ≈
π2neﬀD
λ(1−α) [7], where Q is large when α is small.
The corresponding values of neﬀ at a wavelength of 1550 nm for the fundamental, second,
and third order radial modes are 1.457, 1.450 and 1.435, respectively. This is again
in agreement with the fact that higher radial number modes extend further into the
surrounding air. The corresponding optical path lengths, OPL, for each of the modes
are 909.14±0.27 µm, 904.78±0.27 µm and 895.42±0.27 µm, respectively, where the
circumference of the microsphere multiplied by an actual microsphere refractive index
is found to have a slightly larger value of πD · ns = 936.35±0.28 µm, as expected. The
attempts at matching the peaks with TE excitation have failed, validating that they
were not due to TE excitation.Chapter 4 Experimental characterisation of waveguide-coupled microspheres 124
Figure 4.28: Coupling factor vs separation at λ = 1550±1 nm, D = 198.62±0.06 µm
Figure 4.29: WGM radial intensity distributions, D = 198.62±0.06 µmChapter 4 Experimental characterisation of waveguide-coupled microspheres 125
4.5.2.3 130 µm diameter Er-doped BK7 microsphere
In this section, the theoretical ﬁtting procedure of the experimental data in Section 4.4
is described, uses the same ﬁtting procedures as in the previous sections. Figure 4.30
shows the resonance spectrum of an in-house made Er-doped BK7 microsphere at 1440
nm to 1460 nm. It can be seen in Figure 4.30 that there are three prominent families of
modes. However, as the wavelength gets larger (1560 nm to 1640 nm), these modes start
to merge, making mode assigning diﬃcult. Thus, the mode assignment was carried out
at wavelengths between 1440 nm and 1560 nm, where the modes are easy to distinguish.
It is to be noted that the spectrum obtained from the microsphere located oﬀ-waveguide
centre shows promising modal separation, as the widths of the lobes are narrower than
at the ones obtained when the microsphere was located at the centre of the waveguide,
as the coupling eﬃciency between the microsphere and waveguide is smaller. Thus, data
that is used for ﬁtting in this section is that obtained from the microsphere located 6
µm oﬀ-centre from the waveguide.
Figure 4.30: Resonance spectrum of in-house made Er-doped BK7 microsphere, D =
126.40±0.03 µm in diameter, when the microsphere is located at 6 µm oﬀ-waveguide
centre
The coupling factors of the microsphere located at 460 nm away from the waveguide
surface are calculated to be κ = 0.0975, κ = 0.0489, and κ = 0.0216, for the n =
1,2,3 modes (see Figure 4.31), respectively. The modal assignment was justiﬁed as
in the previous section, where the prominent peaks that have the strongest amplitudeChapter 4 Experimental characterisation of waveguide-coupled microspheres 126
correspond to n = 1, the weaker family peaks correspond to n = 2, and the weakest
family peaks correspond to n = 3, as according to the calculated values of κ. Even
though, the ﬁeld distribution in radial dependency in Figure 4.32, shows that the surface
intensity of all the modes have similar values.
Figure 4.31: Coupling factor vs separation at λ = 1444±1.5 nm, D = 126.40±0.03
µm
Figure 4.32: WGM radial intensity distributions, D = 126.40±0.03 µm
Figure 4.33 shows the experimental and the ﬁtted theoretical resonance spectra of the
126.40±0.03 µm diameter Er-doped BK7 microsphere. In order to ﬁt the widths of
the resonances, a circulation loss factor of α = 0.89, which corresponds to a round-
trip loss of 0.98 dB, is used. The refractive index of the microsphere of ns = 1.502 isChapter 4 Experimental characterisation of waveguide-coupled microspheres 127
used, and the microsphere diameter of D = 126.40±0.03 µm is found to be the best ﬁt
to the experimental data. The eﬀective refractive index of the modes are found to be
1.5017, 1.4906 and 1.4747 for n = 1,2, and 3 respectively. The corresponding OPL for
each of the modes are 596.32±0.3 µm, 591.91±0.3 µm and 585.60±0.3 µm, respectively,
which are, as expected, slightly smaller than πD · ns = 596.44±0.3 µm. Table 4.5 - 4.7
show the theoretical and the experimental values of the resonant wavelengths, and the
corresponding microsphere mode numbers l, for n = 1,2, and 3, respectively.
Figure 4.33: Experimental and theoretical resonance spectra of Er-doped BK7 mi-
crosphere, D = 126.40±0.03 µm
It has been found that Q factors of the in-house made microspheres with the nominal
diameter of 200 µm are signiﬁcantly improved, as they exhibited Q of 2.3×104 at 1550
nm, compared with the as-supplied microspheres (Q = 4 × 103 at 1550 nm), due to
improved surface quality. The circulation loss factor, α, of 0.93, 0.90 and 0.89 have been
obtained for microspheres of 30 µm, 200 µm and 130 µm diameters, respectively. It can
be concluded that the circulation loss factor is lower for the larger microspheres, because
of the longer WGM path length.Chapter 4 Experimental characterisation of waveguide-coupled microspheres 128
Experimental results Theoretical ﬁt
λres (nm) FSR (nm) Sphere mode numbers, (l) λres (nm) ∆λres (nm)
TM polarisation, sphere mode number n = 1
1445.20 3.49 399 1445.24 0.04
1448.72 3.51 398 1448.76 0.04
1452.24 3.53 397 1452.29 0.05
1455.79 3.55 396 1455.83 0.04
1459.32 3.57 395 1459.39 0.07
1462.93 3.58 394 1462.97 0.04
1466.54 3.60 393 1466.56 0.02
1470.08 3.62 392 1470.19 0.11
1473.75 3.64 391 1473.81 0.06
1477.40 3.66 390 1477.47 0.07
1481.07 3.68 389 1481.11 0.04
1484.76 3.70 388 1484.81 0.05
1488.48 3.72 387 1488.51 0.03
1492.20 3.74 386 1492.24 0.04
1495.94 3.75 385 1495.98 0.04
1499.72 3.77 384 1499.74 0.02
1503.50 3.79 383 1503.56 0.06
1507.30 3.81 382 1507.32 0.02
1511.12 3.83 381 1511.14 0.02
1514.96 3.85 380 1514.97 0.01
1518.83 3.87 379 1518.83 0.00
1522.70 3.89 378 1522.70 0.00
1526.60 3.91 377 1526.60 0.00
1530.52 3.93 376 1530.51 0.01
1534.47 3.95 375 1534.46 0.01
1538.43 3.97 374 1538.42 0.01
1542.41 4.00 373 1542.39 0.02
1546.39 4.02 372 1546.40 0.01
1550.41 4.04 371 1550.40 0.01
1554.48 4.06 370 1554.44 0.04
1558.55 4.08 369 1558.51 0.04
Table 4.5: Experimental and theoretical resonant wavelengths and assigned sphere
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Experimental results Theoretical ﬁt
λres (nm) FSR (nm) Sphere mode numbers, (l) λres (nm) ∆λres (nm)
TM polarisation, sphere mode number n = 2
1444.16 3.53 389 1444.22 0.06
1447.72 3.55 388 1447.77 0.05
1451.28 3.57 387 1451.28 0.00
1454.86 3.59 386 1454.89 0.03
1458.41 3.60 385 1458.47 0.06
1462.05 3.62 384 1462.08 0.03
1465.65 3.64 383 1465.69 0.04
1469.32 3.66 382 1469.35 0.03
1472.99 3.68 381 1473.00 0.01
1476.63 3.69 380 1476.69 0.06
1480.34 3.71 379 1480.36 0.02
1484.07 3.73 378 1484.09 0.02
1487.80 3.75 377 1487.82 0.02
1491.56 3.77 376 1491.58 0.02
1495.32 3.79 375 1495.35 0.03
1499.12 3.81 374 1499.13 0.01
1502.94 3.83 373 1502.99 0.05
1506.78 3.84 372 1506.78 0.00
1510.64 3.86 371 1510.63 0.01
1514.50 3.88 370 1514.49 0.01
1518.40 3.90 369 1518.38 0.02
1522.34 3.92 368 1522.29 0.05
1526.28 3.94 367 1526.22 0.06
1530.20 3.96 366 1530.17 0.03
1534.17 3.98 365 1534.15 0.02
1538.21 4.00 364 1538.14 0.07
1542.13 4.02 363 1542.15 0.02
1546.17 4.04 362 1546.19 0.02
1550.24 4.06 361 1550.23 0.01
1554.31 4.08 360 1554.31 0.00
1558.39 4.10 359 1558.40 0.01
Table 4.6: Experimental and theoretical resonant wavelengths and assigned sphere
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Experimental results Theoretical ﬁt
λres (nm) FSR (nm) Sphere mode numbers, (l) λres (nm) ∆λres (nm)
TM polarisation, sphere mode number n = 3
1442.71 3.55 381 1442.76 0.05
1446.26 3.49 380 1446.32 0.06
1449.75 3.66 379 1449.89 0.14
1453.41 3.57 378 1453.47 0.06
1456.98 3.66 377 1457.07 0.09
1460.64 3.61 376 1460.70 0.06
1464.25 3.68 375 1464.34 0.09
1467.93 3.70 374 1468.01 0.08
1471.63 3.74 373 1471.69 0.06
1475.37 3.76 372 1475.39 0.02
1479.13 3.74 371 1479.08 0.05
1482.87 3.72 370 1482.84 0.03
1486.59 3.73 369 1486.59 0.00
1490.32 3.78 368 1490.37 0.05
1494.10 3.75 367 1494.16 0.06
1497.85 3.89 366 1497.97 0.12
1501.74 3.84 365 1501.85 0.11
1505.58 3.90 364 1505.65 0.07
1509.48 3.92 363 1509.52 0.04
1513.40 3.84 362 1513.42 0.02
1517.24 3.94 361 1517.33 0.09
1521.18 3.96 360 1521.26 0.08
1525.14 3.98 359 1525.21 0.07
1529.12 3.99 358 1529.18 0.06
1533.11 4.00 357 1533.19 0.08
1537.11 4.08 356 1537.20 0.09
1541.19 4.04 355 1541.24 0.05
1545.23 4.10 354 1545.31 0.08
1549.33 4.10 353 1549.37 0.04
1553.43 4.14 352 1553.48 0.05
1557.57 4.14 351 1557.60 0.03
Table 4.7: Experimental and theoretical resonant wavelengths and assigned sphere
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4.6 Conclusions
The scattered power measurement of the glass microspheres on the diﬀused-ion ex-
changed waveguide as a function of wavelength has been demonstrated for the ﬁrst
time. The experimental work to observe the scattered signal, which is proportional to
the intensity of the light circulating in the microsphere as a function of wavelength, has
been described. The equipment, experimental setup, techniques, and the experimen-
tal procedures, which related to the experiment for obtaining the scattered signal from
the microspheres have been introduced. The basic analysis has been completed by a
straightforward image processing method. A signal proportional to the intensity of the
light circulating in the microsphere has been obtained from the intensity integration
over the surrounding area.
The algorithm of the theoretical modelling for ﬁtting experimental data and sphere mode
assignment have been discussed. The theoretical work in this chapter allows determina-
tion of the sphere diameter and assignment of sphere mode numbers to the experimental
data. The experimental work with the 1550 nm light source was successfully completed,
as ﬁne wavelength tuning resolution was obtained and the comparison of experimental
data could be completed with minimal errors. Data ﬁtting allows the determination of
the resonant wavelength as well as the microsphere diameter from the information of the
free spectral range obtained from the experimental data. The individual mode numbers
have been identiﬁed with conﬁdence, the physical diameters of the microspheres have
been conﬁrmed, and waveguide coupling to each mode is in agreement with theory. The
optical path length of the WGM propagation in the microsphere, which depends on the
mode that light is travelling in, has been determined, it has a slightly smaller value than
the circumference of the microsphere. This theoretical modelling for ﬁtting experimental
data and sphere mode assignment will be used throughout the rest of the thesis, with
the experimental results from microsphere lasers experiment that will be obtained in
Chapter 6.
The variations of Q-factor of the microsphere on the channel waveguide, as a function
of vertical and lateral displacements with respect to the waveguide surface and centre
of the waveguide, have been observed. The measurements of the scattered power of
microspheres have been carried out for various thicknesses of the Teﬂon buﬀer layer to
achieve a varying vertical displacement, and the measurements in lateral displacement
have been completed by translating the microsphere across the waveguide surface with
respect to the centre of the waveguide. The results of the Q have been discussed, Q of
the system at the larger separation is large due to the small coupling eﬃciency into the
sphere. As the microsphere was shifted away from the waveguide surface the coupling
eﬃciency has been found to be smaller and the system exhibited high Q.
Experimental work on light coupling into microspheres in the 800 nm region has been
completed, and the WGM characteristics from the waveguide-coupled microsphere haveChapter 4 Experimental characterisation of waveguide-coupled microspheres 132
been observed, this wavelength region is a useful region for pumping in the laser exper-
iment to be described in Chapter 6.Chapter 4 Experimental characterisation of waveguide-coupled microspheres 133
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11-3.Chapter 5
Theory of waveguide-coupled
microsphere lasers
5.1 Introduction
In this chapter, the theoretical characteristics of microsphere lasers will be presented.
The derivation of loss and gain of the cavity will be discussed, in Section 5.2 and Sec-
tion 5.3, respectively. The gain and loss of the system are important because they are
the key parameters for threshold pump power calculation. In Section 5.4, the value of
maximum gain and the minimum required Q for a 1.5-wt% Nd2O3-doped BK7 micro-
sphere of 30 µm diameter, will be calculated, to ensure that the microsphere is suitable
for lasing action. Section 5.5 will include the calculation of threshold pump power at
the microsphere, Pth-sphere, which refers to the pump power in the microsphere where
the laser starts to oscillate. In Section 5.6, the derivation of the pump power in the
microsphere, Pth-sphere, as a function of the microsphere-waveguide separation will be
described. At the end of the section, the threshold pump power in the input waveguide,
Pth-wg, as a function of the microsphere and waveguide separation, will be determined.
In the ﬁnal part of this chapter, the calculation of pump power threshold for a 1.5-wt%
Nd2O3-doped BK7 microsphere of 190 µm in diameter, will be carried out, followed by
a detailed discussion. A microsphere with the same Nd concentration and diameter will
be used in the experimental work in Chapter 6. Thus, the aim of the theoretical work
in this section is to provide the knowledge of the pump power threshold which will be
required for the microsphere laser when pumped from a waveguide. It is to be noted
that the thermal characteristics of the system will not be included in the calculation in
this chapter, however the discussion will be covered in Chapter 6.
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5.2 Cavity loss
Total round-trip loss of the cavity, δc, can be obtained from the quality factor of the
system, as follows [1]:
δc = 1 − α =
2π2neﬀD
Qcsλs
, (5.1)
where α is the circulation loss factor as described in Chapter 2, Qcs is the quality
factor of the system at the signal wavelength, λs is the signal wavelength, D is the
microsphere diameter and neﬀ corresponds to the eﬀective refractive index of the mode
that propagates along a circular path within the cavity. The power loss of the cavity in
nepers is obtained from the exponential of the total loss in the cavity, δc, as follows:
L = exp(−δc). (5.2)
5.3 Cavity gain
Calculation of gain within the cavity is presented below, following reference [2]. The
gain per unit length at the signal wavelength at a single point in the cavity can be found
from Equation 5.3.
g(z) =
dPs(z)
dz
=
ZZ
N(x,y,z)Is(x,y)σs dxdy, (5.3)
where Is(x,y,z) is the signal intensity obtained by multiplying the signal power, Ps(z),
by the normalised signal mode distribution, Ss(x,y), as shown in Equation 5.4.
Is(x,y,z) = Ps(z)Ss(x,y), (5.4)
σs is the stimulated emission cross-section, which may be calculated according to Equa-
tion 5.5 [3].
σs =
λ4
f
8πcn2
sτ∆λ
, (5.5)
where λf is the peak wavelength of the ﬂuorescence emission spectra, c is the speed
of light, ns is the microsphere refractive index, τ is the ﬂuorescence lifetime, ∆λ =
R ∞
0
I(λ)dλ
Ip and I(λ) is the ﬂuorescence line shape with a maximum Ip at λp. Figure 5.1Chapter 5 Theory of waveguide-coupled microsphere lasers 136
shows a typical ﬂuorescence spectrum of BK7 glass doped with 1.5-wt% of neodymium
oxide [4].
Figure 5.1: Typical ﬂuorescence spectrum of BK7 glass doped with 1.5-wt%
neodymium oxide [4]
and N(x,y,z) is the excited-state population of the cavity, which can be calculated from
the incident pump intensity Ip(x,y,z) [2]:
N(x,y,z) =
τNoσpηq
hνp
Ip(x,y,z), (5.6)
where No is the number of active ions per unit volume, σp is the pump absorption cross-
section, ηq is the quantum eﬃciency, νp is the pump frequency, h is Planck’s constant,
and Ip(x,y,z) is the incident pumping intensity that can be obtained by multiplying the
pumped power, Pp(z), by the normalised pump mode distribution, Sp(x,y):
Ip(x,y,z) = Pp(z)Sp(x,y). (5.7)
In a rare-earth-ion-doped microsphere cavity, the rare-earth ions introduced into the
cavity caused pump attenuation, and as propagation loss also attenuates the pump power
along path length of the cavity, the pump power decays according to Equation 5.8.
Pp(z) = Pp(0)exp[−(ap + βp)z], (5.8)
where βp is the absorption coeﬃcient per unit length at the pump wavelength. For neg-
ligible ground-state depletion the absorption coeﬃcient, βp, is obtained by multiplying
No with σp. If No is known, then σp can be obtained from the absorption spectrum
shown in Figure 5.2. ap is the microsphere propagation loss per unit length, αp is a loss
factor associated with ap, where αp = apπD.Chapter 5 Theory of waveguide-coupled microsphere lasers 137
Figure 5.2: Typical loss spectrum of BK7 glass doped with 1.5-wt% neodymium oxide
[4]
The cavity round-trip gain can be determined by integrating Equation 5.3 over the total
length of the sphere cavity, πD,

G =
R πD
0
dPs(z)
dz

, as shown in Equation 5.9;
G = exp
"ZZ
Ss(x,y)Sp(x,y)dxdy

τηqσs
hνp

Pp(0)
 
1 − exp[−(ap + βp)πD]
1 +
ap
βp
!#
, (5.9)
where Ss(x,y) and Sp(x,y) are the normalised mode distributions at the signal and
pump wavelengths, respectively. They are normalised such that
RR
Ss(x,y)dxdy =
1 and
RR
Sp(x,y)dxdy = 1 per unit area, respectively. Note that 1 RR
Ss(x,y)Sp(x,y)dxdy
corresponds to the eﬀective mode area of the overlapped signal and pump ﬁelds.
The pump power which makes the cavity gain, G, equal to the round-trip loss, L, in the
cavity is the threshold power of the system, and will be derived in Section 5.5.
5.4 Minimum required quality factor for microsphere laser
In this section, the minimum value of Q factor which is required for lasing action to
occur and the maximum gain for a 1.5-wt% Nd2O3-doped BK7 microsphere of 30 µm
in diameter, are derived. The assumption is made that all Nd3+ ions are in the excited
state, thus, the gain coeﬃcient, g, can be found by multiplying the emission cross-section,
σs, with the total Nd3+ ion density, No.
gmax = σsNo. (5.10)Chapter 5 Theory of waveguide-coupled microsphere lasers 138
The round-trip loss of the micro-cavity can be found from Equation 5.1. For lasing to
occur, the gain must be greater than the loss of the system, yielding:
Q >
2π
σsNoλs
, (5.11)
For a 30 µm diameter BK7 microsphere doped with 1.5-wt% Nd2O3, σs = 1.9 × 10−24
m2 and No = 1.68 × 1026 m−3; gmax = 319.2 m−1. Thus, by using Equation 5.11, the
value of Q must be greater than 1.86 × 104 at λs = 1060 nm for lasing to occur.
This estimation of the minimum Q required depends upon achieving the theoretically
predicted gain. To check the plausibility of the calculation, the gain achieved experi-
mentally by Miliou et al. [5] for Nd-doped BK7 glass is used instead of the calculated
value of gmax above. Miliou et al. obtained a maximum gain of 216 m−1, which would
require a Q factor of 2.74 × 104 at λs = 1060 nm to achieve lasing in the microsphere
conﬁguration described here. Thus, it may be assumed that a worst-case Q to allow
lasing for this material in a microsphere conﬁguration is 3 × 104.
In Chapter 3, the value of Q measured from the commercial sphere has been found to
be about 4 × 103, whereas the in-house fabricated spheres exhibited larger Q of up to
6.2 × 104 at 1550 nm. The value Q obtained from the in-house fabricated spheres is
larger than the minimum Q that would require for lasing. Thus, it can be conﬁrmed
that the microspheres that are fabricated in-house are good candidates for microsphere
laser experiment.Chapter 5 Theory of waveguide-coupled microsphere lasers 139
5.5 Microsphere threshold power calculation
In this section, the pump power required in the fundamental WGM of a microsphere
for lasing action to be achieved is derived. The pump power threshold calculation is
derived based on negligible ground-state depletion. At threshold, total gain, G, must
equal loss, L. Power threshold in the spherical cavity, Pth-sphere, can be found by equating
Equation 5.2 to Equation 5.9 and the corresponding pump power is the pump power
threshold of the system, see Equation 5.12.
Pth-sphere =

2π2neﬀD
Qcsλs

RR
Ss(x,y)Sp(x,y)dxdy

hνp
τηqσs
 
1 +
ap
βp
1 − exp[−(ap + βp)πD]
!
, (5.12)
The power threshold calculation requires information on the total loss of the cavity at
the signal wavelength, δc, which can be obtained from Qcs as shown in Equation 5.1. As
described in Chapter 2, the Q factor of the cavity depends upon the separation of the
sphere from the waveguide and is found by carrying out an overlap integral of the ﬁelds
of the microsphere and the evanescent ﬁeld of the waveguide at signal wavelength.
For a 1.5-wt% Nd2O3-doped BK7 microsphere of 30 µm diameter and refractive index
of ns = 1.51, the expected resonant wavelengths within the pump absorption band, λp,
and within the emission band, λs, the corresponding sphere mode numbers l for the
fundamental radial mode (n = 1) in the TM polarisation are shown in Table 5.1 and 5.2
respectively.
λp (nm) Sphere mode number, (l,n)
803 (167, 1)
808 (166, 1)
812 (165, 1)
817 (164, 1)
822 (163, 1)
Table 5.1: Pump wavelengths and
the sphere mode number l,n for 1.5-
wt% Nd2O3-doped BK7 microsphere of
30 µm in diameter, ns = 1.51
λs (nm) Sphere mode number, (l,n)
1043 (127, 1)
1051 (126, 1)
1059 (125, 1)
1068 (124, 1)
1076 (123, 1)
Table 5.2: Signal wavelengths and
the sphere mode number l,n for 1.5-
wt% Nd2O3-doped BK7 microsphere of
30 µm in diameter, ns = 1.51
The threshold pump power for each of the resonant signal wavelengths for each pump
wavelength are shown in Figure 5.3. Speciﬁc values used in the calculation are τ = 470
µs, ηq = 0.8, σpeaks = 1.9 × 10−24 m−2, σpeakp = 1.0 × 10−24 m−2 and No = 1.68 ×
1026 m−3. The loss due to spurious attenuation is assumed to be negligible. The
approximation of neﬀ ∼ = ns = 1.51 is made for simplicity of the calculation, because
the value of neﬀ of the fundamental mode is close to the actual microsphere refractive
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Figure 5.3: Calculated threshold pump power circulating in the fundamental WGM,
Pth-sphere, for all possible resonant signal wavelengths, λs, for each resonant pump
wavelength, λp, of 1.5-wt% Nd2O3-doped BK7 microsphere of 30 µm in diameter and
ns = 1.51, at zero separation from waveguide surface
Figure 5.3 shows that the lowest threshold pump power at the microsphere, Pth-sphere,
was approximately 0.3 mW at the zero separation of microsphere from a waveguide
surfaces. It can be seen that the lasing threshold is lowest at a pump wavelength of
λp = 808 nm, and a signal wavelength of λs = 1059 nm, because the peak absorption
of 1.5-wt% Nd2O3-doped BK7 glass is maximum at a wavelength near 808 nm and the
peak of the ﬂuorescence spectrum is located close to 1059 nm, thus the pump power that
is needed in the system in order to overcome the total loss in the cavity is the lowest.Chapter 5 Theory of waveguide-coupled microsphere lasers 141
5.6 Calculation of threshold pump power as a function of
microsphere-waveguide separation
In this section, the calculation of the threshold pump power as a function of the mi-
crosphere separation from a channel waveguide surface is carried out. A Teﬂon layer
of refractive index nTeﬂon = 1.29 is used as a means to separate the microsphere from
waveguide surface. First, the threshold pump power within the microsphere, Pth-sphere,
of a 1.5-wt% Nd2O3-doped BK7 microsphere of 30 µm diameter, is calculated, and then
the threshold pump power within the coupled waveguide, Pth-wg, is derived. The last
section includes the calculations of Pth-sphere and Pth-wg for a 1.5-wt% Nd2O3-doped BK7
microsphere of 190 µm diameter, represents practical values used in the next chapter.
The calculation of Pth-sphere at λp = 808 nm and λs = 1059 nm is selected, because it
provides the lowest threshold pump power as previously shown. Fields of the waveguide
which were used in this calculation were obtained from a homogeneous channel of W
× H of 5 µm by 3 µm with the substrate refractive index and the step refractive index
of 1.51 and ∆λ = 0.0094, respectively (for K+-ion exchanged substrate on BK7). The
separation of the microsphere from the waveguide surface was varied from 0 nm to
1000 nm. The calculation is based on the fundamental modes in both the microsphere
(l = m,n = 1) and waveguide.
The overlap integration of the ﬁelds of the microsphere and the evanescent ﬁeld of the
waveguide at the signal wavelength at diﬀerent microsphere-waveguide separations are
carried out, to obtain Qcs as a function of the microsphere separation from the waveguide
surface according to Equation 2.35a, where t can be obtained from the calculated κ
(Equation 2.20) and the loss factor due to spurious attenuation at the pump wavelength,
αs is arbitrary chosen to be 0.99. By substituting Qcs into Equation 5.12, the values
of Pth-sphere as a function of microsphere separation from the waveguide surface are
obtained. Table 5.3 shows Qcs at λs = 1059 nm for a 30 µm and a 190 µm diameter
microspheres, which will be used in the power threshold calculation in the following
sections.
Next, the calculated values of threshold pump power of a 1.5-wt% Nd2O3-doped BK7
microsphere of 30 µm diameter, and a 1.5-wt% Nd2O3-doped BK7 microsphere of 190
µm diameter, are determined. Detailed discussion on the results of Pth-sphere and Pth-wg
for a 1.5-wt% Nd2O3-doped BK7 microsphere of 30 µm diameter, and a 1.5-wt% Nd2O3-
doped BK7 microsphere of 190 µm diameter, will be elaborated.Chapter 5 Theory of waveguide-coupled microsphere lasers 142
Separation (nm) Qcs of 30 µm microsphere Qcs of 190 µm microsphere
0 5.97×104 3.51×104
100 6.48×104 393×104
200 7.00×104 4.34×104
300 7.48×104 4.71×105
400 7.85×104 4.98×105
500 8.09×104 5.15×105
600 8.25×104 5.25×105
700 8.34×104 5.29×105
800 8.37×104 5.31×105
900 8.39×104 5.32×105
1000 8.40×104 5.33×105
Table 5.3: Qcs of 30 µm and 190 µm diameter microspheres, αs = 0.99, at λs = 1059
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5.6.1 30 µm-diameter microsphere
The results for threshold circulating pump power as a function of microsphere separation
from the waveguide surface, for the 1.5-wt% Nd2O3-doped BK7 microsphere of 30 µm
in diameter that has the refractive index of 1.51 at the pump and signal wavelengths
of λp = 808 nm and λs = 1059 nm, are shown in Figure 5.4 for separations of the
microsphere from the waveguide surface of 0 nm to 1000 nm.
Figure 5.4: Calculated threshold power in the microsphere, Pth-sphere, as functions of
separation of a 30 µm diameter Nd-doped BK7 microsphere from the waveguide surface
The threshold pump power in the microsphere at zero separation is found to be 1.04
mW, where the pump power threshold at the 1000 nm separation is found to be 0.74
mW. The threshold pump power decreases as the separation increases, because, as the
separation gets larger, the quality factor of the system at the signal wavelength increases.
The pump power required in the waveguide for lasing action, Pth-wg, can be determined
from Pth-sphere, by dividing the pump power required in the microsphere by the enhance-
ment factor, , which relates Psphere to Pwg as shown in Equation 5.13, as described in
Chapter 4,

 

Psphere
Pwg

 
 = . (5.13)
Thus, the pump power threshold at the waveguide, Pth-wg, can be expressed as follows:Chapter 5 Theory of waveguide-coupled microsphere lasers 144
Pth-wg =
1

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
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τηqσs
 
1 +
ap
βp
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!
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where  =
α2(1−t2)
(1−αt)2 and t =
p
1 − |κ|2.
At the pump wavelength, the value of loss due to the Nd absorption, αNd, is selected
to be 5.2 dB/cm following the practical value obtain from the prior work [6]. The loss
factor due to spurious attenuation at pump wavelength, αp, is selected to be 0.99. Thus,
the total round-trip loss-factor in the cavity is found to be 0.9789 (αtotal = αNd · αp).
Figure 5.5 shows the theoretical plots of enhancement factor which relates the power in
the microsphere to the power in the input waveguide, as a function of coupling factor,
when αtotal = 0.9789.
Figure 5.5: Enhancement factor as a function of coupling factor, with a loss due to
Nd absorption of 5.2 dB/cm and attenuation loss, αp = 0.99 (αtotal = 0.9789), for a
1.5-wt% Nd2O3-doped BK7 microsphere of 30 µm in diameter
Table 5.4 shows the calculated values of 1/ as according to the coupling factor at the
pump wavelength at each microsphere and waveguide separation from 0 nm to 1000
nm. It can be seen that, the value of 1/ increases as the separation of the micro-
sphere/waveguide increases due to the decrease of the coupling factor. Because, as
the separation becomes larger, coupling eﬃciency at the pump wavelength signiﬁcantly
decreases.
Pth-wg are obtained by multiplying Pth-sphere with 1/. Figure 5.6 shows theoretical plots
of the calculated threshold power in the waveguide, Pth-wg, and Pth-sphere, as a function
of microsphere separation from the waveguide surface, with the value of attenuation loss
factor of αp = 0.99 (αtotal = 0.9789). It can be seen that, for zero microsphere/waveguideChapter 5 Theory of waveguide-coupled microsphere lasers 145
Separation (nm) Coupling factor, κp 1/
αtotal = 0.9789
0 0.1245 0.06
100 0.1006 0.07
200 0.0774 0.10
300 0.0572 0.16
400 0.0413 0.29
500 0.0291 0.57
600 0.0197 1.22
700 0.0125 2.99
800 0.0077 7.86
900 0.0033 42.74
1000 0.0009 573.72
Table 5.4: Coupling factor at pump wavelength and 1/ as a function of microsphere
separation from the waveguide surface, with a loss due to Nd absorption of 5.2 dB/cm
and attenuation loss, αp = 0.99 (αtotal = 0.9789), for a 1.5-wt% Nd2O3-doped BK7
microsphere of 30 µm diameter
separation, Pth-wg is the smallest, while it is increasing as the separation gets larger. In
the low-coupling regime, where the microsphere is located at a far distance away from
the waveguide surface, κ is relatively small, thus more of the required pump power for
lasing is needed, compared with the stronger coupling cases. The minimum value of
Pth-wg is found at 0 nm separation and it has a value of 0.06 mW, while the maximum
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Figure 5.6: Calculated threshold power in the microsphere, Pth-sphere, and threshold
power in the waveguide input, Pth-wg, as functions of separation of a 30 µm diameter
Nd-doped BK7 microsphere from waveguide surface, with a loss due to Nd absorption
of 5.2 dB/cm and attenuation loss, αp = 0.99 (αtotal = 0.9789), for αs = 0.99Chapter 5 Theory of waveguide-coupled microsphere lasers 147
5.6.2 190 µm-diameter microsphere
In this section, calculation of the power threshold in the waveguide for a 1.5-wt% Nd2O3-
doped microsphere of 190 µm diameter is carried out, as in the previous section. Ta-
ble 5.5 shows the parameters used for the calculations in this section. Microspheres
of 190 µm diameter and refractive index of 1.51 are used in this calculation, and the
corresponding sphere mode numbers l of 1096 and 833 are obtained at λp = 808 nm and
λs = 1059 nm respectively. The loss due to the Nd absorption and the loss due to the
attenuation of the microsphere cavity at the pump and signal wavelengths of 0.9310,
0.99 and 0.99, are included, respectively.
Parameters Values
Microsphere diameter, D (µm) 190
Microsphere refractive index, ns 1.51
Pump wavelength, λp (nm) 808
Sphere mode number l at λp 1096
Signal wavelength, λs (nm) 1059
Sphere mode number l at λs 833
Loss factor due to Nd absorption, αNd, (5.2 dB/cm) 0.9310
Loss factor due to attenuation at pump wavelength, αp 0.99
αtotal = αNd · αp 0.9217
Loss factor due to attenuation at signal wavelength, αs 0.99
Quality factor at λs, Qcs 3.51 × 105
Coupling factor at λp, κ 0.1602
Power threshold at sphere, Pth-sphere 0.66 mW
Enhancement factor,  2.679
1/Enhancement factor, 1/ 0.3733
Power threshold at waveguide, Pth-wg 0.25 mW
Table 5.5: Parameters that are used for power threshold calculation for a 1.5-wt%
Nd2O3-doped BK7 microsphere of 190 µm diameter
A Qcs of 6.62×104 is obtained from coupling factor at the signal wavelength calculated
by overlapping the ﬁeld at the signal wavelength 1059 nm with the evanescent ﬁeld
of the waveguide. The power threshold in the microsphere is found to have a value
of 0.66 mW. Figure 5.7 shows the calculated plot of the enhancement factor of the
microsphere with αtotal = 0.9217. A coupling factor, κ, of 0.1602 at the pump wavelength
is calculated. For a coupling factor of 0.1602 and αtotal = 0.9217, 1/ = 0.3733 is
obtained. Consequently, the corresponding power threshold at the input waveguide of
Pth-wg = 0.25 mW is obtained. Pth-sphere of the smaller sphere (30 µm diameter) is
found to be larger compared to the Pth-sphere from the sphere in this case, this because
of Qcs for the larger sphere is greater than the smaller one. As it can be seen from
Equation 5.12 that Pth-sphere is inversely proportional to Qcs.Chapter 5 Theory of waveguide-coupled microsphere lasers 148
Figure 5.7: Enhancement factor as a function of coupling factor, with a loss due to
Nd absorption of 5.2 dB/cm and attenuation loss, αp = 0.99 (αtotal = 0.9217), for a
1.5-wt% Nd2O3-doped BK7 microsphere of 190 µm in diameterChapter 5 Theory of waveguide-coupled microsphere lasers 149
The calculation of the pump power threshold as a function of the microsphere and
waveguide separation are now described. Table 5.6 shows values of 1/ and coupling
factors at the 808-nm-pump wavelength as a function of microsphere and waveguide
separation from 0 nm to 1000 nm. It can be seen that the value of 1/ is increasing
rapidly as the separation gets larger in the same manner as shown in previous section.
Separation (nm) Coupling factor, κp 1/
αtotal = 0.9217
0 0.1602 0.37
100 0.1272 0.54
200 0.0962 0.87
300 0.0695 1.58
400 0.0487 3.13
500 0.0329 6.75
600 0.0211 16.29
700 0.0125 46.27
800 0.0071 143.25
900 0.0024 1252.98
1000 0.0003 80192.46
Table 5.6: Coupling factor at pump wavelength and 1/ as a function microsphere
separation from the waveguide surface, with a loss due to Nd absorption of 5.2 dB/cm
and attenuation loss, αp = 0.99 (αtotal = 0.9217), for a 1.5-wt% Nd2O3-doped BK7
microsphere of 190 µm diameter
Figure 5.8 shows the plots of the calculated threshold power in the microsphere, Pth-sphere,
and the threshold power in the waveguide input, Pth-wg, as functions of separation of a
190 µm diameter Nd-doped BK7 microsphere from the waveguide surface.
It can be seen that the power threshold within the microsphere and the power threshold
in the waveguide have the same trends as the previous section. The pump power thresh-
olds in the sphere are found to have smaller values than the ones in the 30-µm-case.
The minimum of Pth-sphere is 0.44 mW at 1000 nm separation, while for the maximum
Pth-sphere, the value of about 0.66 mW was obtained at the zero separation. Because Qcs
obtained with the 30 µm diameter sphere are larger than the 190-µm-case. However,
the pump power thresholds in the waveguide are found to have larger values than the
ones in the 30-µm-case. The minimum of Pth-wg is 0.25 mW at the zero separation,
while for the maximum Pth-wg, the value of about 3.5 × 104 mW was obtained at 1000
nm separation. Thus, it can be concluded that the microsphere of a larger size requires
more pump power in the waveguide for lasing action; because round-trip attenuation at
the pump wavelength is expected to be higher, as it can be seen in Equation 5.1. In this
case  becomes smaller, hence higher 1/ and Pth-wg.Chapter 5 Theory of waveguide-coupled microsphere lasers 150
Figure 5.8: Calculated threshold power in the microsphere, Pth-sphere, and threshold
power in the waveguide input, Pth-wg, as functions of separation of a 190 µm diameter
Nd-doped BK7 microsphere from waveguide surface, with a loss due to Nd absorption
of 5.2 dB/cm and attenuation loss, and αp = 0.99 (αtotal = 0.9217), for αs = 0.99Chapter 5 Theory of waveguide-coupled microsphere lasers 151
5.7 Conclusions
The theoretical basis of microsphere lasers has been described. The expressions of loss
and gain of the laser cavity for a microsphere have been derived. The derivation of the
minimum Q which is required for the lasing action to occur has been obtained. The
minimum Q factor that would be required for the lasing action to occur for a 1.5-wt%
Nd2O3-doped BK7 microsphere of 30 µm diameter, has been found (Q = 3 × 104). The
Q factor obtained with the microspheres fabricated in-house by dropping through the
vertical furnace (as described in Chapter 3) are higher than the minimum Q required for
lasing (6.2×104 @ 1550 nm), thus, it is conﬁrmed that the lasing action can be achieved
with these microspheres, with suﬃcient pump power.
Threshold pump power at the microsphere, Pth-sphere, for each possible excited mode
according to each pump wavelength in the Nd-doped glass absorption band for a 1.5-
wt% Nd2O3-doped BK7 microsphere of 30 µm diameter at a zero separation from the
waveguide surface, have been calculated. For simplicity, the calculations have been
carried out for the fundamental modes for both the microsphere (l = m, n = 1) and
waveguide, and the assumption has been made that the loss due to spurious attenuation
is negligible. Loss due to Nd absorption was chosen to be 5.2 dB/cm. It has been found
that the lowest threshold pump power obtained from a 30 µm diameter Nd-doped BK7
microsphere is about 0.3 mW at λp = 808 nm and λs = 1059 nm.
Threshold pump power at the waveguide, Pth-wg, must be calculated since the mea-
surement can be done straightforwardly. Pth-wg for a 1.5-wt% Nd2O3-doped BK7 micro-
sphere of a 30 µm diameter and a 190 µm diameter as a function of the sphere separation
from the waveguide surface at λp = 808 nm and λs = 1059 nm, have been calculated.
The comparison of Pth-wg for a 30 µm and a 190 µm diameter microspheres has been
done. The loss due to Nd absorption of 5.2 dB/cm and loss due to spurious attenuation
of αp = αs = 0.99 were included in the calculation. The laser threshold pump power
at the waveguide, Pth-wg, for the 30 µm diameter microsphere has been determined to
have the minimum value, which is about 0.06 mW, at zero separation from waveguide
surface. Pth-wg signiﬁcantly increased as the separation increased from 0 nm to 1000 nm,
because 1/ increased rapidly. Pth-wg of a 190 µm diameter 1.5-wt% Nd2O3-doped BK7
microsphere of Pth-wg = 0.25 mW at zero separation, has been obtained. It has been
found that a microsphere of a larger size requires more pump power at the waveguide for
lasing, as expected, because the total round-trip attenuation at the pump wavelength
in a larger sphere is higher than in the smaller sphere. The results indicate that, at
the large separation, the power threshold at the microsphere is smaller, however the
required power at the input waveguide is larger, because the value of the reciprocal
of the enhancement factor at the pump wavelength increases rapidly as the separation
becomes larger. In order to obtain the minimum threshold pump power at the input
waveguide of the system, Pth-wg, the microsphere must be placed at the critical couplingChapter 5 Theory of waveguide-coupled microsphere lasers 152
regime, where the enhancement factor is maximum. By reducing the loss in the sphere
cavity and increasing the coupling eﬃciency of the microsphere and waveguide to the
point where κ =
p
1 − |α|2, the critical coupling can be obtained. The thermal eﬀect to
the shift of WGM in microspheres will be discussed in the following chapter.Chapter 5 Theory of waveguide-coupled microsphere lasers 153
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Experimental characteristics of
neodymium-doped microspheres
6.1 Introduction
In this chapter, details of work on Nd-doped BK7 microsphere lasers will be explored.
Lasing and ﬂuorescence behaviours of commercial Nd-doped BK7 microspheres [1] and
in-house made neodymium-doped BK7 microspheres, for which details of fabrication
were described in Section 3.4 in Chapter 3, will be characterised. The neodymium-doped
BK7 microsphere laser exhibits a 4-level lasing system, at the 4F3/2 - 4I11/2 transition at
wavelengths in the 1060 nm region, where a suﬃcient population inversion is obtained,
with free-space pumping.
Section 6.2 includes a detailed discussion of experimental work on confocal ﬂuorescence
studies. The objective of Section 6.2 is to study the ﬂuorescence lifetime and ﬂuorescence
characteristics of the Nd-doped microspheres. The experiments on the observation of
ﬂuorescence emission at wavelengths near 1060 nm from a single Nd-doped BK7 micro-
sphere and the measurement of the ﬂuorescence lifetime will be carried out. Methods
and procedures of ﬂuorescence emission and ﬂuorescence lifetime measurements for a
single microsphere, will be discussed. In Section 6.3, the experimental work on ﬂuores-
cence emission from the Nd-doped microsphere, when it is evanescently coupled from
a potassium-sodium-ion exchanged channel waveguide, will be described, and mode as-
signment to the families of the WGMs spectra will be elaborated. Section 6.4 describes
experimental work on a microsphere laser by free-space light excitation. The aim of this
section is to characterise lasing behaviour of a single Nd-doped microsphere as a function
of pump power and wavelength, independently of waveguide excitation which imposes
more constraints on lasing. The aim of Section 6.5 is to determine whether Nd-doped
microspheres, excited by the evanescent ﬁeld of the waveguide, exhibit lasing action at
a lower threshold power compared to the free-space excitation. Section 6.5 includes
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discussion of experimental procedures to obtain the lasing oscillation by evanescently
exciting a single Nd-doped BK7 microsphere with a channel waveguide. A suggested
plan for further work will be addressed at the end of the section.
6.2 Confocal ﬂuorescence measurements
In this section, the confocal microscopy technique is used to visualise the ﬂuorescence
behaviour from the Nd-doped samples. The detailed discussion of the experimental work
of using the confocal microscopy technique to obtain the information of ﬂuorescence
emission from a single Nd-doped BK7 microsphere and a Nd-doped BK7 bulk glass,
are included. The work is in collaboration with Dr. Daniel Jaque and Mr. Antonio
Benayas, at Departmento de F´ ısica de Materiales, Universidad Aut´ onoma de Madrid,
Madrid, Spain [2].
The experimental apparatus that is used to observe the spectroscopic properties of Nd-
doped BK7 microspheres, results and discussion of ﬂuorescence lifetime measurement
and ﬂuorescence measurement of Nd-doped microspheres, are described in this section.
The confocal microscopy technique is an appropriate method for a localised study of
the behaviour of the ﬂuorescence emission from the Nd-doped microspheres, where the
tight beam spot size is locally focused onto the desired location of the microsphere.
The illumination from the Nd-doped microsphere is detected and the WGM emission
spectra from the sample are observed. The comparisons of the WGM characteristics of
the microsphere with obvious defects on the surface with those of a perfect microsphere
are described in this section. The experimental work in this section includes two types
of microspheres: commercial 2.2-wt% concentration of Nd2O3-doped BK7 microspheres
from Mo-Sci [1] with diameter of 30±3 µm, and in-house made 1.5-wt% Nd2O3-doped
BK7 microspheres with a range of sizes from 30 µm to 200 µm diameter, fabricated on
the carbon substrate as described in Section 3.4.1.
6.2.1 Experimental apparatus
The apparatus used for a confocal ﬂuorescence characterisation is shown in Figure 6.1.
A ﬁbre coupled 808 nm diode laser was launched to focus onto a Nd-doped BK7 mi-
crosphere, located on a XYZ translation stage. The 808-nm laser beam was reﬂected
and tilted downward by a dichroic mirror which transmits light in the 1060 nm region,
and the focused onto the microsphere by a 50× microscope objective lens, resulting in a
laser spot size of about 5 µm in diameter. The laser spot size can be adjusted by using a
diﬀerent microscope objective lens. The ﬂuorescence emitted from the microsphere was
collected with the same objective lens, as shown in Figure 6.1. The emitted light was
directed to a 1060-nm-pass-dichroic mirror and ﬂuorescence light was passed through theChapter 6 Experimental characteristics of neodymium-doped microspheres 156
mirror and launched into the ﬁbre connected to spectrometer, via a lens. The ﬂuores-
cence emission obtained from the microsphere was launched into the spectrometer, and
the spectrum was recorded. For lifetime measurements, the emitted light was launched
into the ﬁbre connected to a photomultiplier tube and the signal was recorded using a
digital oscilloscope (Lecroy, 500 MHz).
Figure 6.1: Experimental apparatus: Luminescence measurement
6.2.2 Fluorescence lifetime measurements
The aim of the experimental work in this section is to obtain the ﬂuorescence lifetime
measurements of Nd-doped BK7 bulk glass and microspheres, to compare with the
value from similar material used in the theoretical section, described in Chapter 5. The
experimental work on ﬂuorescence lifetime measurements of Nd-doped BK7 bulk glass
and microspheres are described.
The ﬂuorescence lifetime refers to the average amount of time atoms stay in the excited
state. The ﬂuorescence lifetime can be determined by the ﬂuorescence intensity. The
ﬂuorescence intensity, at time t, is deﬁned by [3],
I(t) = Io exp

−t
τ

, (6.1)
where Io is the intensity before decaying and τ is the lifetime at the time where I = Io/e.
The measurement of the ﬂuorescence lifetime for a bulk BK7 glass doped with 1.5-wt%Chapter 6 Experimental characteristics of neodymium-doped microspheres 157
of Nd2O3 was carried out. An 808-nm-pulse laser beam, which has a repetition rate of
2.5 kHz and pulse width of 50 ps, was launched to focus onto a bulk BK7 glass that is
doped with 1.5-wt% of Nd2O3. The emission light was collected with a photomultiplier
tube via a ﬁbre optics, the ﬂuorescence signal was averaged and recorded with a 500
MHz digital oscilloscope. The ﬂuorescence lifetime for a bulk BK7 doped with 1.5-wt%
of Nd2O3 was recorded.
The pulsed-laser beam with the same repetition rate and pulse width as were used for
the bulk glass, was then used to study the microsphere. The measurements of the
ﬂuorescence lifetime for a commercial 30±3 µm diameter BK7 microsphere doped with
2.2-wt% of Nd2O3 and an in-house made 100±5 µm diameter BK7 microsphere doped
with 1.5-wt% of Nd2O3, that was fabricated on glassy carbon plate as described in
Section 3.4.1, and an in-house made 1.5-wt% Nd2O3-doped BK7 microsphere of 170 µm
diameter fabricated by dropping through a vertical furnace as described in Section 3.4.2,
were carried out.
Figure 6.2: Fluorescence decay curve of a 1.5-wt% Nd2O3-doped BK7 bulk glass
(solid line), a commercial 2.2-wt% Nd2O3-doped BK7 microsphere of 30 µm diameter
(dashed line), an in-house made 1.5-wt% Nd2O3-doped BK7 microsphere of 100 µm
diameter fabricated on glassy carbon plate (dash-dotted line) and an in-house made
1.5-wt% Nd2O3-doped BK7 microsphere of 170 µm diameter fabricated by dropping
through a vertical furnace (dotted line)
Figure 6.2 shows ﬂuorescence decay curves of a 1.5-wt% Nd2O3-doped BK7 bulk glass,
a commercial 30±3 µm diameter BK7 microsphere doped with 2.2-wt% of Nd2O3, anChapter 6 Experimental characteristics of neodymium-doped microspheres 158
in-house made 1.5-wt% Nd2O3-doped BK7 microsphere of 100±5 µm diameter and an
in-house made 1.5-wt% Nd2O3-doped BK7 microsphere of 170±5 µm diameter. The
ﬂuorescence lifetime for a 1.5-wt% Nd2O3-doped BK7 bulk glass is found to have a
value of τ = 431.99±0.88 µs, for a 2.2-wt% Nd2O3-doped BK7 microsphere of 30±3 µm
diameter is found to be τ = 281.01±1.58 µs, for an in-house made 1.5-wt% Nd2O3-doped
BK7 microsphere of 100±5 µm diameter fabricated on glassy carbon plate is found to be
τ = 393.59±1.55 µs and for an in-house made 1.5-wt% Nd2O3-doped BK7 microsphere of
170 µm in diameter fabricated by dropping through a vertical furnace is found to be τ =
344.48±1.25 µs. The microsphere exhibits a lower lifetime compared to a bulk glass with
the same concentration, this may be due to the heating process of the sphere formation
during the fabrication altering the local environment of the Nd ions in a microsphere
compared to the bulk [4]. Fast decay at the beginning of the decay time might correspond
to the energy transfer between the high density Nd-ions in the metastable state due to
the high excitation rate. The lifetime reduction with microsphere size reduction may
be due to a high pump density and/or high density of possible defects introduced in a
small sphere, hence a shorter lifetime [2]. To further investigate the ﬂuorescence lifetime
as a function of the microsphere and bulk material including the lifetime on sphere size
dependence, a detail experimental work to characterise microsphere size dependence of
the ﬂuorescence lifetime for sphere and bulk is required.
6.2.3 Fluorescence measurement from a microsphere with variation of
the position of the pump beam
In this section, measurements of the ﬂuorescence spectra of commercial 2.2-wt% Nd2O3-
doped BK7 microsphere of 30±3 µm [1] with respect to the location of the excited beam,
is described. In order to observe the ﬂuorescence WGM behaviour of a single microsphere
with respect to the location of the excited beam, the continuous wave excitation from
a ﬁbre coupled 808 nm diode laser was focused onto the 2.2-wt% Nd2O3-doped BK7
microsphere of 30±3 µm on the edge and centre of the microsphere. The emitted light
was collected and recorded.
Figure 6.3 shows the WGM spectrum obtained when the position of the focused beam
onto the microsphere was altered. It shows that, at the edge-excitation, the ﬂuorescence
WGM is more prominent compared to the WGM from the centre-excitation. Q of
2.5 × 103 at λ = 1055.68 nm for the edge excitation is obtained, while the spectrum
obtained from the centre excitation exhibits Q of 1.9 × 103 at λ = 1055.68 nm. Thus,
it can be concluded that the edge-excitation is desirable since it causes an enhancement
of WGM characteristics from the microsphere [5].
It is to be noted that, the resonant peaks of the fundamental TM modes are located
at 1048.48 nm, 1055.68 nm, 1063.18 nm, and 1070.36 nm, which comprises the FSR of
7.35±0.10 nm at 1055.68 nm. The other peaks correspond to the higher radial modesChapter 6 Experimental characteristics of neodymium-doped microspheres 159
Figure 6.3: Fluorescence spectra of a 2.2-wt% Nd2O3-doped BK7 microsphere, mi-
crosphere diameter of 30±3 µm, pump power 69.54 mW
in the TM polarisation. The resonant wavelengths ﬁt to the TE polarisation are not
matched to the other families of peaks, thus these peaks are not associated with the
TE modes, which agree with the discussion in Chapter 4. Finally, when the mode
assignment is performed to this data, with the same method as described in Chapter 4,
the microsphere diameter of 30.64±0.04 µm is obtained. The spectrum shows the good
WGM characteristics, where the resonance peaks yield the microsphere diameter to be
within the manufacturer tolerance.Chapter 6 Experimental characteristics of neodymium-doped microspheres 160
6.2.4 Pump power dependence of ﬂuorescence spectra
In this section, the measurement of the ﬂuorescence spectra obtained from an in-house
made 1.5-wt% Nd2O3-doped microsphere as a function of pump power level is described.
The microsphere of about 40±3 µm diameter, measured by optical microscope, was
characterised. The pump power was varied from 69.54 mW to 260.45 mW. The emission
spectrum for each pump power was recorded.
The ﬂuorescence spectra obtained from a 1.5-wt% Nd2O3-doped microsphere as a func-
tion of pump power level are shown in Figure 6.4. It can be seen that, as the pump
power level increases, the intensity level of the emitted ﬂuorescence spectrum increases
as expected. Figure 6.5 shows the ﬂuorescence peak power at λ = 1057.39 nm as a
function of input power. It can be seen that the peak power is increasing as the pump
power is increasing.
Figure 6.4: Fluorescence spectra of 1.5-wt% Nd2O3-doped BK7 microsphere as a
function of pump power from 69.54 mW to 260.45 mW
The spectrum shows WG ﬂuorescence in the wavelength range from 1045 nm to 1075
nm. The spectrum shows a strong evidence of WGM, where it exhibits Q of 2.5×103 at
λ = 1057.39 nm. The locations of the major resonant peaks are at 1051.56 nm, 1057.39
nm, 1063.32 nm and 1069.40 nm. Comparison with the model in Chapter 2 shows that
these resonances, with a free-spectral range of about 5.88±0.10 nm at λ = 1057.39 nm,
correspond to the sphere mode number n = 1 and the sphere mode number l from 171
to 168, see Figure 6.4, and a diameter of 40.28±0.08 µm is obtained. The other families
of peaks correspond to the higher radial modes in the TM polarisation. The toleranceChapter 6 Experimental characteristics of neodymium-doped microspheres 161
Figure 6.5: Fluorescence peak power of 1.5-wt% Nd2O3-doped BK7 microsphere at
1057.39 nm as a function of input power. Inset: Fluorescence spectra of 1.5-wt%
Nd2O3-doped BK7 microsphere as a function of pump power from 69.54 mW to 260.45
mW
value of the diameter of the microspheres is found such that the maximum discrepancy
of the theoretical and experimental resonant wavelength, ∆λres, is found to be less than
0.01 nm.
Figure 6.5 shows the collected ﬂuorescence power as a function of pump power. The
curve displays evidence of saturation at above 200 mW. The pumping conﬁguration of
the tight-focus excitation spot is not appropriate for lasing action to occur, because of
the small excited area.Chapter 6 Experimental characteristics of neodymium-doped microspheres 162
6.2.5 Fluorescence measurements on microspheres containing defects
In this section, an experiment is derived on the observation of the ﬂuorescence spectra
emitted from a microsphere with defects in order to study the WGM behaviour of a
microsphere containing a defect compared to a “perfect” microsphere which refers to
the microsphere that has no obvious defects on its surface. The commercial 2.2-wt%
Nd2O3-doped BK7 microspheres, with a nominal diameter of 30 µm [1], were selected
such that the sizes were similar, so that the direct comparison of the WGM characteristics
of the scattered intensity obtained from both microspheres could be straightforward to
make. Figure 6.6 and 6.7 show the images of the microspheres that were chosen for this
experiment, the diameters of microspheres are 30.70 µm and 31.90 µm, respectively.
The microsphere in Figure 6.6 represents a “perfect” surface microsphere, because there
are no obvious defects on the surface. In contrast, Figure 6.7 shows an image of a
microsphere with large air traps located on the outer region of microsphere on its surface.
The experiment was done such that the pump power (77.5 mW), the laser spot size (5
µm), and the position of the focused beam onto the microsphere (at the edge of the
microsphere) were maintained the same for both cases.
Figure 6.6: 2.2-wt% Nd2O3-doped
microsphere 30.70 µm in diameter,
with no defect on the surface
Figure 6.7: 2.2-wt% Nd2O3-doped
microsphere 31.90 µm in diameter,
with air traps located near the surface
Figure 6.8 shows the ﬂuorescence spectra obtained from the microspheres in both cases,
showing that the ﬂuorescence spectrum obtained from the microsphere with defects on
its surface exhibits no evidence of resonant peaks, whereas for the “perfect” microsphere
case, the ﬂuorescence spectrum exhibits strong WGM characteristics with a Q factor
of 1.3×103 at λ = 1056.55 nm. The defects due to air traps that are located on the
microsphere surface distorted the WG path propagation of the light, these prevent the
resonant condition from occurring.
The ﬂuorescence lifetime of a 1.5-wt% Nd2O3-doped BK7 microsphere was obtained, and
it can be used to compare with the theoretical section in Chapter 5. The measurement
of the ﬂuorescence from the microsphere, by the evanescent light excitation, is the next
step to explore the behaviour of the Nd-doped microsphere.Chapter 6 Experimental characteristics of neodymium-doped microspheres 163
Figure 6.8: Fluorescence spectra of a 2.2-wt% Nd2O3-doped BK7 microsphere, com-
parison with a defected microsphereChapter 6 Experimental characteristics of neodymium-doped microspheres 164
6.3 Microsphere ﬂuorescence measurements: Waveguide
excitation
The purpose of the experimental work in this section is to couple light into a microsphere
by using a channel waveguide, so the evanescent light coupling into the microsphere
can be obtained. The ﬂuorescence measurements of the 1.5-wt% Nd2O3-doped BK7
microspheres, fabricated based on the detailed discussion in Section 3.4.2, in Chapter 3
coupling with a potassium-sodium-ion exchanged waveguide are carried out. These
microspheres are chosen for characterisation in this section, as they have a good surface
quality, where Q of about 6 × 104 at wavelength near 1550 nm was observed, and they
will be used later on in this thesis in the microsphere laser experiment.
6.3.1 Experimental apparatus
Figure 6.9 shows the experimental apparatus used for measuring ﬂuorescence spectra
from microspheres when excited from a waveguide. Light from Ti:sapphire laser was
coupled into the K+-Na+-ion exchanged waveguide channel, which was fabricated as
described in Section 3.2, by a 10× microscope objective lens. The evanescent light
from the waveguide was coupled into the microsphere, and the emitted light from the
microsphere was collected with a multimode ﬁbre. A variable attenuator was used
to alter the input power. The ﬂuorescence spectrum of the emitted light from the
microsphere was monitored with an optical spectrum analyser. The power at the output
of the waveguide was monitored with a power meter.
Figure 6.9: Experimental apparatus for ﬂuorescence measurement of a microsphere
coupling with a channel waveguide
6.3.2 Fluorescence spectra
The pump light in the TM polarisation of about 80 mW before the microscope objective
lens was launched into a channel waveguide. The emission spectrum was recorded withChapter 6 Experimental characteristics of neodymium-doped microspheres 165
an optical spectrum analyser. The output power at the waveguide is about 65 mW.
Figure 6.10 shows the ﬂuorescence spectrum obtained from a BK7 microsphere doped
with 1.5-wt% of Nd2O3 that has a diameter of 105±3 µm. Q of about 6 × 103 at
λ = 1058.76 nm was obtained. The WGM spectrum obtained from the microsphere
when excited with the evanescent ﬁeld of an optical waveguide, shows two prominent
families of peaks. The resonant wavelengths of the “strong” family are 1051.90 nm,
1054.16 nm, 1056.46 nm, 1058.76 nm, 1060.08 nm, 1063.40 nm, 1065.72 nm and 1068.01
nm, which correspond to FSR of 2.28±0.40 nm at λ = 1058.76 nm. The peaks of the
“weak” resonance are located at 1050.74 nm, 1053.00 nm, 1055.36 nm, 1057.62 nm,
1059.98 nm, 1062.30 nm, 1064.60 nm, 1066.96 nm, and 1069.30 nm, which comprise
FSR of 2.32±0.02 nm at λ = 1059.98 nm.
Figure 6.10: Fluorescence spectrum of a 1.5-wt% Nd2O3-doped BK7 microsphere on
a K+-Na+-ion exchanged channel waveguide
The mode assignment procedure will be discussed in detail in the next section.Chapter 6 Experimental characteristics of neodymium-doped microspheres 166
6.3.3 Mode assignment
The aim of the work in this section is to identify and assign the sphere mode numbers to
the resonance spectrum obtained from the previous section, so that the corresponding
microsphere diameter can be obtained. The method that is used is the same as described
in Chapter 4. Input light in the TM polarisation was used to launch into the waveguide,
thus, the “strong” resonant family should correspond to n = 1 in the TM polarisation.
Because, as it was described in Chapter 4, it is found that n = 1 has the strongest
coupling eﬃciency to the waveguide compared to other high order modes. Then, the
“weak” family is assigned to n = 2 in the TM polarisation. The microsphere diameter
was determined to be 103.18±0.03 µm. It is to be noted that the discrepancy of 0.03 µm
relates to the value of the microsphere diameter which makes the maximum diﬀerence
between the theoretical and experimental wavelengths less than 0.1 nm.
The sphere mode number l corresponding to the two families of resonant peaks are
shown in Table 6.1.
Experimental results Theoretical ﬁt
λres (nm) FSR (nm) Sphere mode numbers, (l,n) λres (nm) ∆λres (nm)
TM polarisation
1051.90 2.09 (450,1) 1052.10 0.20
1054.16 2.15 (449,1) 1054.38 0.16
1056.46 2.22 (448,1) 1056.67 0.21
1058.76 2.28 (447,1) 1058.95 0.19
1061.08 2.31 (446,1) 1061.26 0.14
1063.40 2.41 (445,1) 1063.58 0.18
1065.72 2.47 (444,1) 1065.89 0.17
1068.01 2.53 (443,1) 1068.23 0.22
1050.74 2.30 (440,2) 1050.48 0.26
1053.00 2.31 (439,2) 1052.78 0.22
1055.36 2.31 (438,2) 1055.08 0.28
1057.62 2.32 (437,2) 1057.37 0.25
1059.98 2.32 (436,2) 1059.69 0.29
1062.30 2.33 (435,2) 1062.02 0.28
1064.60 2.33 (434,2) 1064.35 0.25
1066.96 2.34 (433,2) 1066.70 0.26
1069.30 2.35 (433,2) 1069.06 0.24
Table 6.1: Experimental and theoretical resonant wavelengths and assigned mode
numbers (l,n) of a ﬂuorescence spectrum of a 1.5-wt% Nd2O3-doped BK7 microsphere
diameter of D = 103.18±0.03 µm
Figure 6.10 shows that there are only two families of excited modes observable. It
has been found that the excited modes are easily distinguished and identiﬁed compared
with the results obtained from the free-space light excitation. This is because the excited
modes of the WGMs in a microsphere are limited when coupling with the waveguide, be-Chapter 6 Experimental characteristics of neodymium-doped microspheres 167
cause the waveguide evanescent ﬁeld extends only a small distance into the microsphere,
resulting in weak coupling to higher order radial modes.
6.3.4 Measurement of pump power dependence of ﬂuorescence spec-
trum
The aim of the experimental work in this section is to measure the ﬂuorescence spec-
tra from the Nd-doped microsphere coupling with the waveguide as the input pump
power increases. Light in the TM polarisation was launched into the waveguide shown
in Figure 6.9, the incident pump light was attenuated from about 80 mW to 1 mW corre-
sponding to 65 mW to 0.4 mW as measured at the waveguide output. The ﬂuorescence
spectrum of the emission light from the Nd-doped microsphere at each of these input
power was recorded. Figure 6.11 shows the ﬂuorescence spectra of the waveguide-coupled
microsphere as the pump power was changed.
Figure 6.11: Fluorescence spectra of a 1.5-wt% Nd2O3-doped BK7 microsphere on a
K+-Na+-ion exchanged channel waveguide as function of incident pump power
As the pump power reduces, the power in each ﬂuorescent peak decreases, as expected.
The resonant peaks are found to be located at the same positions within the experimental
error, as the pump power was altered. The ﬂuorescence power is at λ = 1057.39 nm is
plotted against pump power in Figure 6.12 and shows that the peak power at λ = 1057.39
nm. The positions of the resonant peaks were found not to change, and their power
is linearly increasing with pump power, indicating the behaviour of the spontaneous
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Figure 6.12: Fluorescence spectra of a 1.5-wt% Nd2O3-doped BK7 microsphere on
a K+-Na+-ion exchanged channel waveguide as function of pump power level. Inset:
Fluorescence spectra of a 1.5-wt% Nd2O3-doped BK7 microsphere on a K+-Na+-ion
exchanged channel waveguide as function of incident pump power
In summary, experimental studies of the WGM from the Nd-doped microsphere coupled
with the evanescent ﬁeld from the ion-exchanged waveguide were carried out. In this
conﬁguration, the WGMs of the emission light are found to be more prominent compared
to the free-space pump conﬁguration, where Q of 6 × 103 near the wavelength of 1058
nm was obtained. In the waveguide coupling conﬁguration, the WGMs in microsphere
were excited with a ﬁxed path along the waveguide channel, and the WGM scattered
power observed is found to be more clear. While in the confocal pumping conﬁguration,
pump light was focused to a tight spot to excite the WGMs, which could excite more
radial modes in various planes. Pumping by waveguide excitation will be extended in
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6.4 Microsphere laser operation: Free-space excitation
The aim of the experimental work in this section is to study the microsphere lasing
characteristics when excited with a free-space excitation before moving on to the waveg-
uide excitation. Experimental work on the observation of lasing oscillation by free-space
excitation onto a 1.5-wt% Nd2O3-doped BK7 microsphere is described. The experimen-
tal apparatus is setup to observe the lasing action of the 1.5-wt% Nd2O3-doped BK7
microspheres that were fabricated according to Section 3.4 in Chapter 3. These micro-
spheres as known to exhibit low losses which should allow lasing to occur, because Q
factors as high as 6.2 × 104 have been observed at wavelengths near 1550 nm. Detailed
discussions on the experimental setup, observation, results and discussion on the mea-
surement of lasing spectra, lasing threshold pump power and the lasing spectra obtained
from diﬀerent pump wavelengths follow.
6.4.1 Experimental apparatus
Light from a tunable titanium: sapphire laser was focused onto a microsphere that was
located on a sodalime glass slide coated with a 1 µm thick Teﬂon layer. The Teﬂon
layer is used to prevent the evanescent ﬁeld of WGM at the signal wavelength from
penetrating into the substrate. A horizontal input beam was focused with a lens and
launched onto a tilted mirror, where the beam was reﬂected and vertically illuminated
the microsphere. The position of the microsphere and the mirror were optimised such
that the desired pump beam spot size, was achieved. A multimode ﬁbre was horizontally
aligned close to the microsphere in order to collect the ﬂuorescence emission from the
microsphere. The spectrum of the emitted light was monitored with an optical spectrum
analyser (OSA). A variable attenuator was used to vary the power input, and 8% of the
light was tapped for power monitoring.
Figure 6.13: Experimental apparatus for free-space excitation of microsphere laserChapter 6 Experimental characteristics of neodymium-doped microspheres 170
6.4.2 Threshold power measurement
The measurement of threshold power, Pth, from a single Nd-doped microsphere was
carried out. The titanium:sapphire laser was tuned to 808 nm, where the absorption
of the neodymium-doped glass is a maximum, and the beam was launched to excite
a Nd-doped microsphere on the Teﬂon coated glass substrate, see Figure 6.13. The
microsphere size was measured using an optical microscope and was found to be about
190 µm in diameter. The position of the lens was adjusted such that the pump beam
spot size at full-width of half maximum of 78.5 µm was obtained, this value was chosen
because the maximum collected power was obtained. The pump power was varied with
a variable attenuator so that the observation of the lasing spectrum as a function of
pump power can be obtained. The spectra as a function of the pump power (prior to
the lens) from 2 mW to 20 mW were recorded.Figure 6.14 shows the lasing spectra as
a function of input pump power from a 190 µm diameter 1.5-wt% Nd2O3-doped BK7
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Figure 6.14: Lasing spectra as a function of input pump power from a 190 µm di-
ameter 1.5-wt% Nd2O3-doped BK7 microsphere (wavelength resolution 10 pm) **note
the PSD scale changeChapter 6 Experimental characteristics of neodymium-doped microspheres 172
It can be seen from Figure 6.14 that the power density of the spectra is increasing as
the pump power increases. Lasing oscillation starts to occur at an input pump power of
7.96 mW, which is identiﬁed as the threshold pump power, Pth. At pump power of 19.86
mW, the laser linewidth at full-width of half-maximum of the lasing peak wavelength
near 1059 nm of about δλFWHM = 65 pm was obtained (wavelength resolution 10 pm).
Figure 6.15 shows the plot of lasing power spectral density at the signal peak wavelength
near 1059 nm as a function of incident pump power.
Figure 6.15: Lasing power spectral density vs incident pump power
It can be seen from Figure 6.15 that above the lasing threshold, the curve can be ﬁtted
to a straight line, this indicates that losses in the cavity are the same. The ﬁgure shows
the sudden increasing of the emission power above the threshold point, where the slope
eﬃciency is found to be 0.0005%. This value is very low because an overlap of the pump
radiation and the signal is poor; and the large pump beam size was large and most of
the light was radiated into the surrounding medium, thus the collection eﬃciency was
low.
6.4.3 Mode assignment
This section includes the mode assigning results for the spectra from the lasing results
obtained in Section 6.4. The aim of the work in this section is to identify the sphere mode
numbers to the lasing spectrum and to extract the physical microsphere diameter from
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shift with the pump power. The modal assignment in this section is focused on the two
sets of data, which are the data that were obtained with the pump power of 7.96 mW
and 19.86 mW.
Figure 6.16 shows the WGM characteristics over the entire wavelength range. The
justiﬁcation of the mode assignment was done such that the major peaks which carry
a “strong” resonance characteristic at the low pump power under the lasing threshold
level (Pin < 7.96 mW) correspond to the fundamental mode of TM polarisation radial
direction n = 1, where the lasing peaks correspond to the n = 1, TE mode. The TE
mode is found to be oscillated at above threshold level, because of the higher losses in
the TM mode. It has been found by F´ eron et al. that for the larger separation of the
microsphere from the substrate (prism), TE and TM modes oscillated simultaneously [7].
According to the current setup in this work, there is no gap between the microsphere and
the substrate, thus the TE and TM modes are not expected to oscillate simultaneously.
Figure 6.16: Lasing spectrum at pump power of 19.86 mW (wavelength resolution 10
pm)
In the current conﬁguration, the polarisation of the light after the mirror might have
been altered from a reﬂection via a mirror [8, 9]. Thus, when launching the TM light
to reﬂect onto a mirror, the TE polarised light was reﬂected from the mirror onto the
microsphere, and laser emission obtained correspond to the TE polarisation.
Lists of families of resonant peaks from the spectrum, obtained at a pump power of 19.86
mW, are shown in Table 6.2. The method, as described in Section 4.5 in Chapter 4,
was applied, and the microsphere diameter of D = 188.12±0.06 µm was obtained. The
discrepancy of the sphere diameter is found when ﬁt sphere diameter to minimise the
maximum discrepancy of the theoretical and experimental wavelengths of the entire
values list in Table 6.2. The same method was applied to the data obtained at a pump
power of 7.96 mW, sphere diameter is found to be 188.06±0.04 µm.Chapter 6 Experimental characteristics of neodymium-doped microspheres 174
Experimental results Theoretical ﬁt
λres (nm) FSR (nm) Sphere mode numbers, (l,n) λres (nm) ∆λres (nm)
TM polarisation
1050.87 1.23 (830,1) 1050.84 0.03
1052.11 1.24 (829,1) 1052.08 0.03
1053.34 1.24 (828,1) 1053.32 0.02
1054.56 1.24 (827,1) 1054.57 0.01
1055.81 1.25 (826,1) 1055.82 0.01
1057.11 1.25 (825,1) 1057.06 0.05
1058.37 1.26 (824,1) 1058.32 0.05
1059.59 1.26 (823,1) 1059.58 0.01
1060.84 1.26 (822,1) 1060.84 0.00
1062.09 1.27 (821,1) 1062.12 0.03
1063.39 1.27 (820,1) 1063.36 0.03
1064.69 1.27 (819,1) 1064.63 0.06
1065.93 1.28 (818,1) 1065.91 0.02
1067.23 1.28 (817,1) 1067.17 0.06
1068.50 1.28 (816,1) 1068.45 0.05
1069.78 1.29 (815,1) 1069.74 0.04
TE polarisation
1050.25 1.22 (831,1) 1050.51 0.26
1051.54 1.23 (830,1) 1051.75 0.21
1052.83 1.24 (829,1) 1052.99 0.16
1054.08 1.24 (828,1) 1054.24 0.16
1055.30 1.25 (827,1) 1055.49 0.19
1056.55 1.26 (826,1) 1056.73 0.18
1057.62 1.26 (825,1) 1057.99 0.37
1059.00 1.27 (824,1) 1059.25 0.25
1060.23 1.28 (823,1) 1060.51 0.28
1061.63 1.28 (822,1) 1061.76 0.13
1062.72 1.29 (821,1) 1063.03 0.31
1063.89 1.29 (820,1) 1064.30 0.41
1065.44 1.30 (819,1) 1065.57 0.13
1066.89 1.31 (818,1) 1066.84 0.05
1068.10 1.32 (817,1) 1068.12 0.02
1069.34 1.32 (816,1) 1069.40 0.06
Table 6.2: Experimental and theoretical resonant wavelengths and assigned mode
numbers (l,n) of lasing spectrum of a Nd-doped BK7 microsphere diameter of D =
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6.4.4 Thermal shift of WGMs in a microsphere
It can be seen from the lasing spectra shown in Figure 6.14 that the location of the
lasing wavelengths and the ﬂuorescence peaks shift as the pump power is altered. This
wavelength shift may occur due to thermal-induced expansion as the pump power is
increasing, which causes the change in the diameter of the microsphere, and the thermal
coeﬃcient of index change, which causes the change in the sphere index [10]. Thermal
changes in the optical path length of the cavity relate to a change of the product of sphere
refractive index and the microsphere diameter with respect to a change in temperature.
The plot of wavelength shifts of the lasing peak near λ = 1059 nm, as a function of
pump power, is shown in Figure 6.17.
Figure 6.17: Emission wavelength as a function of pump power for the lasing peak
near λ = 1059 nm
The value of the peak wavelength shift, dλshift, as the input power was varied from 7.96
mW to 19.86 mW, is dλshift = 0.35 nm, corresponding to dλ/dP = 3×10−8 m/W, where
P is the input power.
An estimate of the temperature change of the microsphere, due to the change in pump
power, is carried out as follows. For a microsphere of diameter D with the corresponding
sphere mode number l at wavelength λ, the change of peak wavelengths, dλ, over the
change of product of refractive index and sphere diameter, d(nD), dλ/d(nD) can be
obtained as shown in Equation 6.2,
dλ
d(nD)
=
π
l
. (6.2)
The change of product of refractive index and sphere diameter, d(nD), over the input
power change, dP, d(nD)/dP can be expressed as follows;Chapter 6 Experimental characteristics of neodymium-doped microspheres 176
d(nD)
dP
=
l
π
·
dλ
dP
, (6.3)
thus, for a 188 µm diameter microsphere, with a refractive index of 1.507 at λ = 1059
nm and l = 824, d(nD)/dP of 7.87 × 10−6 m/W is obtained from Equation 6.3 and the
experimentally determined dλ/dP.
The change of product of refractive index and sphere diameter, d(nD), for a temperature
change, dT, d(nD)/dT can be described as,
d(nD)
dT
=
Ddn
dT
+
ndD
dT
. (6.4)
The linear thermal expansion coeﬃcient, thermal, for BK7 is found to have a value of
7.1×10−6/K, where thermal = 1
D· dD
dT, thus, the corresponding dD/dT = 1.33×10−9m/K.
And the value of temperature coeﬃcient of refractive index, dn/dT, is found to have a
value of dn/dT = 1.17 × 10−6/K at 1059 nm [11, 12].
Thus,
∆T ≈
d(nD)
dP
·
 
1
Ddn
dT + ndD
dT
!
· ∆P, (6.5)
thus, the ∆T of 42 K was obtained for ∆P = 12 mW.
This value of the temperature change obtained is believed to be justiﬁed. It has been
observed that with a very tight focused of the pump intensity, the microspheres were
found to be destroyed by a heat damaged. In this experiment, the focused beam size
is relatively large, thus, the results of the temperature change of 42 K is believed to be
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6.4.5 Measurement of the pump wavelength dependence of lasing spec-
trum
In this section, measurement of the lasing spectra obtained from the 1.5-wt% Nd2O3-
doped BK7 microsphere as a function of input pump wavelength, λp, is described. A
microsphere is free-space excited with an input pump power of 80 mW, while the pump
wavelength is altered. The pump wavelengths at which the lasing spectra are recorded
were chosen as they are the resonant wavelengths of the microsphere at the pump wave-
length. The pump wavelength of 808.3 nm, 809.1 nm, 809.9 nm, 810.6 nm, 811.4 nm,
812.4 nm and 812.9 nm were used to excite the lasing oscillation in the microsphere.
The free-spectral range of these resonant wavelengths is found to be FSR = 0.79±0.09
nm near λp = 810 nm. Figure 6.18 shows the lasing spectra of the 190 µm diameter BK7
microsphere doped with 1.5-wt% of Nd2O3, as a function of pump wavelength, λp, from
808.3 nm to 812.9 nm. At the pump wavelength of 808.3 nm, there are four lasing peaks
which are located at 1053 nm, 1059 nm, 1060 nm and 1064 nm, where the maximum
amplitude is at wavelength of 1059 nm. At the pump wavelength of 809.1 nm, the lasing
peaks are reduced in amplitude. At the pump wavelength of 809.9 nm, a lasing peak at
1063 nm is emerging, where its amplitude increases as the pump increases to 810.6 nm
and it starts to accordingly drop when the pump wavelength increases to 812.4 nm. At
the pump wavelength of 810.6 nm, the lasing peak at 1060 nm has completely vanished,
where the lasing amplitude at 1064 nm is maximised. The 1064 nm lasing peak then
accordingly drops to vanish as the pump wavelength increases to 812.9 nm. The lasing
peak at 1066 nm starts to occur at a pump wavelength of 811.4 nm, and it progressively
increases as the pump power increases to 812.9 nm. At the pump wavelength of 812.9
nm, the lasing peak at 1066 nm is maximised. It can be seen that amplitude of the each
lasing amplitude is altered as the pump wavelength is changed, and the overall peak am-
plitude of the lasing spectra are shifted to higher wavelengths as the pump wavelength
increases.
To better understand this behaviour, the ﬂuorescence spectra of the microsphere as a
function of pump wavelength were recorded by lowering the pump level to under the
threshold power. The variation of the pump light from 808.3 nm to 812.9 nm, was used
and the ﬂuorescence spectra as a function of pump input wavelength were recorded.
Figure 6.19 shows the ﬂuorescence spectra, it can be seen that the peak ﬂuorescence shifts
to a longer wavelength as the pump wavelength increases. The plot of the average peak
wavelength of lasing spectra, λLasing-avg, as a function of peak wavelength of ﬂuorescence
spectra, λFluorescence-peak, is made and shown in Figure 6.20. It can be seen that the
average peak wavelength of lasing increases approximately linearly with peak wavelength
ﬂuorescence. Thus, the laser emission wavelengths are expected to be increased as the
pump wavelength increases. The change of the lasing peak positions as a function of
pump wavelength may be due to the transition of diﬀerent pairs of the energy levels
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on dopant concentration but also the host material. The Nd3+ distributions in glass
medium are randomly distributed and the energy transfer process is dependent on the
excitation wavelength, thus the energy transfer of the random distributed ions in the
glass medium might cause a change in lasing wavelength when the pump wavelength
was altered [13, 14].
Figure 6.18: Lasing spectra of 1.5-wt% Nd2O3-doped BK7 microsphere as a function
of pump wavelength, λp, from 808.3 nm to 812.9 nm (wavelength resolution 4 pm)Chapter 6 Experimental characteristics of neodymium-doped microspheres 179
Figure 6.19: Fluorescence spectra 1.5-wt% Nd2O3-doped BK7 microsphere as a func-
tion of pump wavelength, λp, from 808.3 nm to 812.9 nm (Pin = 80 mW)
Figure 6.20: Average peak wavelength as a function of ﬂuorescence peak wavelengthChapter 6 Experimental characteristics of neodymium-doped microspheres 180
6.5 Microsphere laser operation: Waveguide excitation
The aim of the work in this section is to couple the light evanescently into the Nd-doped
microsphere, so that laser oscillation can be obtained with more eﬃcient use of the pump
radiation. The approach in Figure 6.9 was used to attempt to observe the laser oscillation
of the Nd-doped microsphere when excited via an evanescent ﬁeld from the optical
waveguide. The potassium-sodium-ion exchanged waveguide, fabricated according to
Section 3.2 in Chapter 3, was used. 1.5-wt% of Nd2O3-doped BK7 microspheres that
were fabricated in Section 3.4.2 in Chapter 3, were used because these microspheres are
found to have good surface quality as they exhibited Q-factors of as high as 6 × 104 at
a wavelength near 1550 nm.
The ﬂuorescence power versus pump power measurement was carried out by observing
the lasing spectra from a 100±5 µm diameter microsphere on the waveguide, when the
pump power increased. The spectra at each pump level were recorded. However, as it
can be seen from Figure 6.12, there is no evidence of lasing.
To investigate the possible reasons that limited the lasing to occur, the power threshold
calculation is needed to be explored. Equation 5.14 shows that the power threshold in
the waveguide can be varied with Qcs, α, κ, τ, Aeﬀ, ηq, σs and βp. To explore the reasons
that lasing characteristics were not successfully achieved with the experimental setup
in this conﬁguration, the comparison of the values obtained from the literature with
estimated values from the present experiment for a 100 µm diameter sphere at λp = 808
nm (sphere mode number l = 572) λs = 1059 nm (sphere mode number l = 434), are
made and the values are listed in Table 6.3.Chapter 6 Experimental characteristics of neodymium-doped microspheres 181
Parameters Calculated values Estimated values
from theory in experiment
Loss factor at signal wavelength, αs 0.99 0.90
Q at signal wavelength, Qcs 1.45 × 105 2.45 × 104
Loss factor at pump wavelength, αp 0.99 0.90
Loss factor due to Nd absorption, αNd 0.9631 0.9631
αtotal = αNd · αp 0.9535 0.8668
Coupling factor at pump wavelength, κp 0.1970 0.1970
Eﬀective area, Aeﬀ = 1 RR
Ss(x,y)Sp(x,y)dxdy 7 µm2 7 µm2
Fluorescence lifetime, τ 470 µs 345 µs
Quantum eﬃciency of the pumping, ηq 0.8 0.8
Nd3+ ion density, No 1.68 × 1020 atoms
cm3 1.68 × 1020 atoms
cm3
Absorption coeﬃcient per unit length, βp 1.57 cm−1 1.57 cm−1
Stimulated emission cross-section, σs 1.9 × 1020 cm2 1.9 × 1020 cm2
Power threshold at sphere, Pth-sphere 1.21 mW 10 mW
1/enhancement factor, 1/ 0.12 0.77
Power threshold at waveguide, Pth-wg 0.15 mW 7.8 mW
Table 6.3: Parameters and values from theory and estimated values from experi-
ment on waveguide-coupled microsphere laser for a 100 µm diameter BK7 microsphere
doped with 1.5-wt% of Nd2O3 at zero separation from potassium-sodium-ion exchanged
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Figure 6.21 shows the plot of enhancement factor as a function of coupling factor, with a
loss due to Nd absorption of 5.2 dB/cm and attenuation loss, αp = 0.90 (αtotal = 0.8668),
and αp = 0.99 (αtotal = 0.9535), for a 1.5-wt% Nd2O3-doped BK7 microsphere of 100
µm in diameter.
Figure 6.21: Enhancement factor as a function of coupling factor, with a loss due
to Nd absorption of 5.2 dB/cm and attenuation loss, αp = 0.90 (αtotal = 0.8668), and
αp = 0.99 (αtotal = 0.9535), for a 1.5-wt% Nd2O3-doped BK7 microsphere of 100 µm
in diameter
When loss due to spurious attenuation in a sphere at the signal wavelength is high, Q
at the signal wavelength becomes small. As a result, the threshold power in the sphere
becomes large, as according to Equation 5.12 where it shows that power threshold at
the sphere is inversely proportional to Q of the system at the signal wavelength. In the
experimental work, assuming that the value of αs is estimated to be 0.90, this is chosen
based on an approximate value of the actual attenuation of the cavity obtained from
the discussion in Section 4.5. Q of 2.45 × 104 is obtained and when combined with the
others values listed in column 3 in Table 6.3, Pth-sphere of about 10 mW is predicted for
lasing to occur.
At low κ, when the typical value of αNd = 0.9631 and loss factor at pump wavelength
of 0.90 (αtotal = 0.8379) are combined, the power required in the waveguide for lasing
to occur is large because of small enhancement factor value. At the calculated value
of coupling factor of κ = 0.1970, the estimated threshold power in the waveguide is
expected to be about 7.8 mW. With a larger value of the enhancement factor, the
value of the threshold power at the waveguide can be reduced. As it can be seen from
Figure 5.7 that the enhancement factor for a total loss factor of 0.8668 (solid line) is
maximum at κ = 0.5 ( = 3.02,1/ = 0.33), at this point, the predicted pump threshold
at the waveguide can be reduced to 3.3 mW. However, if the coupling factor at the
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(κ = 0.1576), the corresponding 1/ is found to be 1.11, this makes the power required
in the waveguide equal to 11 mW. And for the lower coupling eﬃciency, which is at 70%
of 0.1970 (κ = 0.1379), the value of the power threshold at the waveguide becomes 14
mW (1/ = 1.4). Thus, it can be concluded that, at low κ, a small change in κ makes
signiﬁcant change of power threshold in the waveguide.
Despite the fact that a predicted threshold pump power in the waveguide in this conﬁg-
uration is 7.8 mW, lasing oscillation was not observed for pump power up to 65 mW.
Thus, each parameters that are involved with the power threshold calculation will be
discussed in turn to ascertain potential reasons. It is important to be note that, in the
current model, the assumption of the negligible depletion of the ground-state has been
made. In the high loss cavity, more ions are needed to be excited to achieve lasing action,
thus, the pump power required for lasing to oscillate is expected to be high when the
cavity loss is high.
The ﬂuorescence lifetime from the experimental work in Section 6.2.2 of the 170 µm
diameter microsphere was found to be about 345 µs. The calculation of power pump
threshold in the waveguide according to this lifetime is carried out with the value of the
parameters listed in column 3 in Table 6.3, the threshold pump power in the waveguide
is found to be about 7.8 mW. Whereas the pump power threshold in the waveguide for
a 470-µs-case is about 5.7 mW. Thus, it can be concluded that the reduction in lifetime
brings the power threshold up as can be seen in Equation 5.14.
The value of the Aeﬀ, which is the normalised interaction cross-sectional area between
the pump and signal modes [16], is proportional to the threshold pump power. Aeﬀ is
found to be about 7 µm2 for a sphere of 100 µm diameter, ns = 1.51, pump wavelength
of 808 nm and signal wavelength of 1059 nm. The calculation was completed based
on the entire area of sphere mode including the evanescent ﬁeld contribution, however,
the expected eﬀective area in the experimental work should be slightly (about less than
0.01%) larger compared with 7 µm2, due to the small ﬁeld distribution of the evanescent
ﬁeld should be excluded. However, this change in the eﬀective area is very small, thus
the eﬀect of the change in pump threshold power is expected to be very small.
Quantum eﬃciency, ηq, is deﬁned as ratio of number of ﬂuorescent photons emitted to
the number of photons absorbed on the pump transition [6]. ηq plays an important role
in the threshold pump power as can be seen in Equation 5.14. For ηq of 0.8 [17], the
calculated value of the required pump power at the waveguide is 7.8 mW. For ηq = 0.5,
the required pump power at the waveguide of 12 mW is obtained. The required pump
power at the waveguide increases as ηq increases.
The other parameters that determine the pump power required for lasing are the ab-
sorption coeﬃcient per unit length at the pump wavelength, βp, and stimulated emission
cross-section, σs. As discussed in Chapter 5, βp can be obtained by multiplying No with
σp. For Nd3+ ion density, No = 1.68 × 1020 atoms/cm3, βp = 1.57 cm−1. The powerChapter 6 Experimental characteristics of neodymium-doped microspheres 184
threshold calculation as a function of βp and σs are carried out and the parameters that
are used in the calculation are from column 3 in Table 6.3. The pump power required
at the waveguide is about 7.8 mW at βp = 1.57 cm−1 and σs = 1.9 × 1020 cm2, and it
increases as βp or σs decrease. If βp or/and σs are small, the lasing oscillation cannot
be obtained due to the high Pth-wg.
As a conclusion, Q at the signal wavelength, Qcs, is estimated to be at marginal compared
to the minimum Q required for lasing, found in Section 5.4 (∼ 2 × 104). Thus, if the
actual Qcs in the experiment was less than the minimum Q required for lasing, the laser
oscillation cannot occur. To reduce the threshold pump power, the coupling eﬃciency at
pump wavelength should be increased by increasing the ﬁeld intensity of the evanescent
ﬁeld at the surface of the waveguide coupler. The surface intensities of the evanescent
ﬁeld can be increased with a high refractive index thin-ﬁlm waveguide. Moreover, the
improvement of the model is needed to be done such that the ground state-depletion is
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6.6 Conclusions
Confocal microscopy was applied for lifetime measurements and ﬂuorescence studies
of the Nd-doped BK7 bulk glass and BK7 microspheres. This method provides local
information on the light emission from the microsphere. Fluorescence measurements
from various microspheres have been carried out with edge-excitation of the microsphere
exciting the WGMs in microspheres most eﬃciently. Microspheres which contain obvious
defects on the WGM path, have been found to exhibit extremely low Q.
Mode assignments and the microsphere diameter extraction methods described in Chap-
ter 4 have been applied to the results in this chapter. It has been found that mode
assignments are diﬃcult for the results obtained from the free-space excitation com-
pared with the set of results obtained from the waveguide coupling method, because the
WGMs have been found to be more distinguishable in the waveguide coupling method.
Moreover, in the waveguide coupling method, a limited number of WGMs were excited,
whereas in the free-space pumping case, many WGMs of higher order were excited. It
has been experimentally conﬁrmed that microspheres with good surface qualities exhibit
higher Q.
The laser oscillations have been successfully observed in a single 1.5-wt% Nd2O3-doped
BK7 microsphere, fabricated as in Section 3.4.2, by free-space excitation. A laser
linewidth of about 65 pm was obtained. The threshold pump power and the slope
eﬃciency of 7.96 mW and 0.0005%, were obtained. The experiment for observing the
change of lasing signal as a function of pump wavelength has been completed. It has been
found that, as the microsphere was excited with a diﬀerent value of pump wavelength,
the lasing spectrum was altered.
The discussion of the results observed from the laser experiment by waveguide excitation
has been discussed, where the reasons that have prevented the laser cavity to oscillate in
that conﬁguration have been outlined. The quality of the microspheres must be improved
to enhance Q of the system at the signal wavelength. Moreover, it has been discussed
that, large coupling eﬃciency of the system at pump wavelength can bring down the
threshold pump power required in the waveguide, due to a large surface enhancement.
The detailed discussion to assess this problem will be covered in Chapter 7.Chapter 6 Experimental characteristics of neodymium-doped microspheres 186
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Conclusions and further work
7.1 Conclusions
In this thesis, the basic concepts of microspheres and optical planar waveguides and the
integrated waveguide-coupled microsphere, have been studied. The spherical resonator
has a high Q when a good surface quality is achieved. In this work, the evanescent ﬁeld
from an ion-exchange waveguide has been used to excite the WGMs in BK7 glass micro-
spheres. Despite the obvious applications of these microspheres coupled to waveguides,
such as optical ﬁlters or optical sensors, microsphere lasers are also of interest. In this
work, a microsphere laser based on a waveguide coupling conﬁguration has been studied.
Apart from the study of waveguide-coupled microsphere lasers, waveguide-coupled pas-
sive microspheres, confocal microscopy and microsphere lasers by free-space excitation,
have also been studied.
Ion diﬀused waveguides used in the present study were fabricated by photolithogra-
phy followed by ion-exchange. Aluminium mask with open channels of desired widths
was produced using the photolithography on BK7 substrates and the ion-exchange was
performed with an appropriated molten salt for a suitable diﬀusion time to obtain
monomode waveguides at the desired operating wavelength. Commercial Nd-doped
BK7 microspheres were found to have high losses due to signiﬁcant surface roughness.
Higher-quality Nd-doped BK7 microspheres have been prepared in-house. Crushed and
sieved glass particles (within a short range of particle size) were annealed on a glassy
carbon plate to produce microspheres. Glass particles were heated just above the soft-
ening temperature and cooled down slowly. The surface tension of the softened glass
produced a spherical shape which was retained during cooling. However, it has been
found that microspheres larger than 80 µm in diameter formed a ﬂattened surface in the
contact area with the carbon plate. Moreover, the amount of microspheres produced
in this technique is also limited by the area of the carbon substrate. Thus, heating the
micro-particles while they are dropped through a vertical tube furnace to allow surface
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tension to form microspheres before reaching a cool zone, has been chosen to be a good
alternative method for the microspheres fabrication. Microspheres with good spheric-
ity were obtained in signiﬁcantly larger amounts from this technique. Q-factors of the
commercially available microspheres were found to be around 4 × 103 in the 1550 nm
region. Whereas the microspheres fabricated from both techniques in-house have been
found to have a good surface quality. The experimental results show a signiﬁcantly im-
proved Q-factor of about 2.2×104 for the 130 µm diameter Er-doped BK7 microsphere
fabricated on a carbon plate as shown in Section 4.4 and 6.2 × 104 for the 160 µm di-
ameter Nd-doped BK7 microsphere fabricated by the dropping technique as shown in
Section 3.4.3, at wavelengths in the 1550 nm region.
The mode and ﬁeld distribution in the spherical cavity has been studied. Sphere mode
numbers l,m,n for each of the microsphere modes were described with the spherical
Bessel and Hankel functions [1, 2]. The example of the calculation of mode and ﬁeld for
a microsphere of 30 µm diameter, was established. The contour plots of sphere modes
and ﬁelds in the ˆ φ-ˆ r and ˆ θ-ˆ r planes of the spherical coordinates have been shown. The
continuity of the ﬁeld at the microsphere surface was obtained when the relation of the
sphere mode number and the wavelength for each particular mode was related with the
characteristic equation. Waveguide mode ﬁelds and eﬀective indices were obtained by the
beam propagation method, where the appropriate values of the waveguide geometry and
refractive indices have been carefully chosen accordingly for each waveguide fabricated.
Theoretical modelling of waveguide-coupled microspheres has been developed to obtain
a coupling factor, κ, for the system by integrating the overlapping ﬁeld [3]. Q-factors
due to coupling to the waveguide, Qext, and coupling factors, κ, for a speciﬁc system
have been derived. Moreover, the calculation of the eﬀect upon Q-factors of material
absorption, Qmatl, radiative loss, QWGM, and surface roughness, Qsurf [4], have been
carried out. Q-factors as a function of microsphere separation have been calculated,
quantifying how Q varies with microsphere-waveguide separation, useful for subsequent
device design.
A detailed experimental and theoretical study of the coupling of ion-exchanged optical
waveguides coated with a low-index isolation layer to WGM of Nd-doped BK7 micro-
spheres of diﬀerent diameters has been carried out. The experimental work has been
done by allowing the light to couple to the microsphere via the waveguide evanescent
ﬁeld. The experimental results demonstrated WGM propagation in the microsphere
cavity, and the resonance peaks were identiﬁed and assigned to the mode numbers l and
n, by comparison with the characteristic equation for microsphere resonators. By ﬁt-
ting the experimentally observed resonance spectra to universal coupled microresonator
theory, the extraction of the physical microsphere diameter, D, and cavity loss factor,
α, have been obtained [5]. Excellent agreement has been achieved between theory and
experiment, in terms of mode position, spacing, width and amplitude, and the precise
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Nd-doped microspheres have been characterised to observe ﬂuorescence WGM charac-
teristics and ﬂuorescence lifetime by confocal microscopy. The advantage of this method
is that it provides a localised study of the emission spectra as the sphere was excited
with a tightly conﬁned laser beam. Lifetimes of about 345 µs have been found for the
sphere of 170 µm diameter fabricated by dropping through a vertical furnace, and about
435 µs for a bulk glass of the same dopants. The reduction of ﬂuorescence lifetime may
be due to the stress introduced during the sphere formation process. A further study
on the size dependence of the lifetime is recommended. The emission spectrum of the
microsphere when excited at the edge suggested that there is more coupling to high-Q
modes compared to the excitation at the centre of the microsphere. It was clear from
the WGM ﬂuorescence spectra that various WGM were excited in this manner.
A theoretical model on waveguide-coupled microsphere lasers has been developed. Loss
and gain of the spherical cavity and the minimum Q-factor of the system that would
be required for the lasing oscillation have been derived. For a microsphere of 190 µm
in diameter, Qmin have been found to be about 2 × 104. The calculation of the power
threshold at the microsphere, Pth-sphere, and the power threshold at the input waveguide,
Pth-wg, have been derived. The lowest pump threshold obtained from a 1.5-wt% Nd2O3-
doped BK7 microsphere was found when λp = 808 nm and λs = 1059 nm. Pth-wg has
been found to be minimum at a zero separation from the waveguide surface. Pth-wg of
0.25 mW for a 190 µm diameter sphere has been found, when the value of spurious loss
factors at pump and signal wavelengths of 0.99 and loss due to Nd absorption of 5.2
dB/cm were used. With the same loss parameters, Pth-wg of 0.15 mW for a 100 µm
diameter sphere was obtained. Pth-wg of larger spheres have been found to be larger
compared with the smaller spheres, this is because the total round-trip attenuation at
the pump wavelength higher in the larger spheres.
In-house made Nd-doped microspheres have been characterised and laser oscillation has
been observed with the pump wavelength in the 800 nm region. A microsphere laser
obtained by a free-space excitation, has been successfully demonstrated. A beam spot
size of 80 µm diameter at FWHM, was used to excite the microsphere to achieve lasing
characteristics. The threshold pump power of 8 mW has been obtained. Evidence of
thermal shifts in the Nd-doped BK7 microsphere, has been found when the pump power
was increased, the corresponding temperature change in the sphere cavity has been
identiﬁed. The lasing spectra as a function of the pump wavelength have been obtained.
It has been found that the lasing wavelength shifted toward the high wavelength regime
and the lasing amplitude and lasing peaks are diﬀerent, as the the pump wavelength is
changed within the absorption region, this may be due to the transition from the diﬀerent
pairs of energy levels of neodymium ions. Lastly, in order to obtain lower threshold lasers,
evanescent light from an ion-exchanged waveguide has been used. However, the lasing
oscillation based on this conﬁguration has been not been successfully demonstrated, this
is believed to be due to the low pump coupling eﬃciency of the microsphere to theChapter 7 Conclusions and further work 191
waveguide combined with insuﬃciently high sphere Q-factor.
7.2 Further work
The work described in this thesis provides a good foundation to design a complex inte-
grated circuit of microspheres and optical waveguides. Proposed work to demonstrate
waveguide-coupled laser performance and further work on a potential waveguide inte-
grated circuit structure, are brieﬂy presented as follows.
It is proposed that, improvement on microlasers’ performance based on the evanescent
light coupling from an optical waveguide should be pursued as follows:
The waveguide that was used in this work is believed to provide a low coupling eﬃ-
ciency to the pump, and this structure introduced signiﬁcant light leakage at the signal
wavelength into the substrate. Thus, in order to obtain more eﬃcient light to couple
into a microsphere via an optical waveguide, optimisation of the geometrical shape and
refractive indices of the waveguide structure, should be developed.
A high-index (∼ 2.1) waveguide could provide the potential for strong coupling eﬃciency
into the microsphere.
A tantalum pentoxide, Ta2O5, rib/ridge waveguide may be a promising candidate to cou-
ple the light more eﬃciently into the microsphere. The strength of the evanescent ﬁeld
increases with decreasing the thickness of the waveguide, however, the attenuation losses
due to scattering caused by surface roughness would increase, which reduces the ﬁeld
intensity at the waveguide surface. In Duveneck et al., the optimum of the waveguide
ﬁlm thickness of around 100 nm to 200 nm with a refractive index around 2 for visible
light operation has been found [6]. To compare the coupling eﬃciency of the sphere to a
rib tantalum pentoxide waveguide with the ion-exchange waveguide, the calculation of
the coupling factors of the microsphere coupling to a 5 by 3 µm potassium-sodium-ion
exchanged waveguide and a 200-nm-thick rib Ta2O5 waveguide were carried out. It has
been found that the coupling eﬃciency of a microsphere coupled with a Ta2O5 waveg-
uide is about 5-6 times greater than the ion-exchanged waveguide. This result conﬁrms
that the evanescent ﬁeld that extends from the Ta2O5 waveguide surface is greater than
that in potassium-sodium-ion exchanged waveguide. Thus, the ﬁeld enhancement at the
waveguide surface can be achieved with a 200-nm-thick Ta2O5 rib/ridge waveguide.
The structure of rib/ridge waveguide could allow the fundamental WGM to propagate
in a microsphere in a direction along the plane parallel to the substrate, which could
prevent light leakage into the substrate. By placing a microsphere next to the rib/ridge
to allow the lateral light coupling from the waveguide, light leakage to the substrate can
be reduced, see Figure 7.1.Chapter 7 Conclusions and further work 192
Figure 7.1: Schematic of rib/ridge waveguide-coupled microsphere
In conclusion, with a properly aligned microsphere to a tantalum pentoxide rib/ridge
waveguide, the demonstration of the laser oscillation should be possible. The micro-
sphere could be precisely positioned to a micro-well structure by self-assembly technique
[7]. Further work on lasing oscillation by coupling the light into the improved surface
quality microsphere with the Ta2O5 waveguide is recommended, where the lasing oscil-
lation may be achievable.
Good surface quality microspheres have been obtained as described in Chapter 3, how-
ever, it is proposed that further improvements of sphere surface quality should be ad-
dressed by a detailed optimisation of the fabrication procedure.
The construction of more complex waveguide-coupled microspheres structures, are ex-
pected to lead to novel devices including integrated microsphere laser circuits as a laser
light source, sensors, or ﬁlter applications. The accurate positioning of microspheres
on the waveguide could be achievable with the cooperated method of chemical surface
patterning [7, 8]. Microspheres doped with other rare-earth ions such as erbium or
erbium-ytterbium can be fabricated with the improved method described in Chapter 3.
By pumping these microspheres with a light source in the 980 nm region, laser emission
in the telecommunication band in the 1550 nm region can be obtained. The waveg-
uide coupling technique is very suitable for making complex circuit of the miniature
sphere laser as an array of spheres can be readily patterned onto the waveguide with
precise alignment. The chip-based microlasers could allow novel low-cost optical and/or
electronic circuit applications for telecommunication and sensing.Chapter 7 Conclusions and further work 193
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